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PREFACE. 



The theory of the steam turbine, as developed in this volume, 
is baaed upon articles contributed by the author, during the past 
few years, to the columns of Engineering. To the Editors of this 
journal he is deeply indebted for permission to reproduce what he 
desired of the text of these, and for authority to reprint a selection 
from the series of working drawings of turbines, which they have 
published during the same period. 

The descriptive matter which accompanies these illustrations 
is slightly condensed from the original articles. Of these the great 
majority *ere written by the author, but his former colleague, 
Mr. R H. Parsons, A.M.I.C.E., was responsible for two or three, 
and in particular for the detailed and singularly clear account 
of the Ljungstrom Steam Turbine. The author has also to thank 
Mr. Parsons for much valuable and early information as to changes 
in turbine practice, and for much helpful criticism. 

Mr. Alexander Kichardson procured for the author complete 
data of important turbine tests, which have proved invaluable. 

To Mr. W. Chilton and Mr. J. M. Newton, B.Sc, of the Brush 
Elecbical Engineering Company, a special meed of thanks is due 
for the results of some of their experiments on blading. 

The general scheme of this volume was decided on after 
much consideration, and the author finally adopted the plan of 
giving, without prior proof, important rules and formulas in a ehape 
convenient for immediate practical application. The demonstrations 
are proceeded with later, in the belief that they will be the more 
readily followed by the averi^e reader, when he has previously been 
imprassed with the utility of the result. 

The opening Chapters are accordingly devoted to an explana- 
tion of the nature of a turbine, and to the setting forth of the 
elementary theory of guide blades and moving buckets. The uses 
of the MoUier diagram are described here in detail, but, in 
accordance with the policy already explained, the theory of the 
construction of this diagram is deferred to a later Chapter. An 
explanation of the terms " efficiency ratio " and " reheat factor " 
follows, and the uses of correction curves are next explained. For 
the excellent and comprehensive set reproduced in Figs. 37 to 42 
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the author is indebted to Mr. £. Baumann, of the British 
Weetinghouee Company. 

The way having been thus cleared, a process is described by 
which the general dimensions, of a turbine of any type for any . 
specified output and steam consumption, can be got out very simply 
and easily. This forms the subject of Chapter VII., and has been 
developed from an article by the author which appeared in 
Engineering, vol. Ixxxiv., page 799. 

Methods of analysing in detail a provisional design, thus arrived 
at, form the subject of succeeding Chapters. Of the two Chapters in 
which the equations for the flow of steam through groups of blades 
are established, Chapter XIII. is wholly new, but the solution of the 
more difficult problem dealt with in the next Chapter was originally 
published in Engineering. 

The theory of the reaction-steam turbine constituted in reality 
a problem in the calculus of finite differences, and the mathematical 
work, in the two Chapters in question and in Chapter XVIII., might 
have been abbreviated somewhat by assuming certain of the established 
formulas of this branch of mathematics. Since, however, this subject 
is relatively little known to engineers, it was thought preferable to 
assume no knowledge of it, and to derive the formulas in question 
directly from elementary considerations. 

Any satisfactory theory of a steam turbine must be self con- 
sistent. It cannot be considered legitimate, at least from the scientific 
standpoint, to use one set of constants to estimate the efficiency 
of the turbine, and an independent set to predict its output. So 
long as this is necessary, the theory must be held as incomplete 
and unsatisfactory. This is still the case with the theory of 
the velocity-compounded wheel, and there have been accordingly 
numerous failures, to realise guarantees, when this type of turbine 
has been taken up by builders having had no practical experience 
of its peculiarities. It is to be hoped that, as time goes on, the 
test data now pigeon-holed in the archives of manufacturers of 
this type will become available for detailed scientific analysis. 

Mr. B. A. Raworth has been good enough to undertake the 
heavy task of perusing the whole of the proof sheets, and to him 
the author is deeply indebted for many most valuable suggestions 
and emendations. 

26, Addiscohbb Koad, H. M. M. 

Croydox, 
Novemixr, 1912. 
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ADDENDUM TO CHAPTER VII. 



The curve plotted in Fig. 43 can also be used for getting out 
the approximate proportions of an exhaust-ateam turbine. In fact, 
the latter may be considered as being simply one-half of a high- 
presBure turbine. Thus an exhaust turbine with a coefficient of 
60,000 may be regarded as equivalent to a high-pressure turbine 
with a coefficient of 120,000. From Fig. 43 the latter should have an 
efficiency ratio of about 70 per cent., and the corresponding efficiency 
ratio of the equivalent exhaust turbine will therefore be about 

0.70 X — -^--, where R denotes the reheat factor for the high- 
pressure turbine. Taking this, from the table on page 43, as 1.06, 
the brake efficiency ratio of the proposed exhaust turbine becomes 
68 per cent., which is about the figure which might be expected 
from a really large low-pressure turbine with a coefficient of 60,000. 

Exhaust-ateam turbines do not however, in general, run to large 
sizes, and as shown by the point marked R, in Fig. 43, there may be 
with small turbines a very marked falling off in the efficiency realised 
with a given coefficient. For a 600-kilowatt single-flow exhaust 
turbine the size factor may be taken as 0.96. 

The author is indebted to the builders of, perhaps, the best 
of the continental makes of impulse-steam turbines for data, which 
would enable an additional point to be plotted on the curve. Fig. 43. 
The machine concerned, which is of their latest pattern, is of 3000 
kilowatt capacity, running at 1545 revolutions per minute, and com- 
prises 15 stages. The value of X is 130,000, and the brake efficiency 
ratio, reduced to the conditions of Fig. 43, is 71.5 per cent. This it 
will be found is in excellent agreement with the curve as plotted. 
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ERRATA. 



1 18, line % for "0.82" read "0.87." 
28, line 7, /oc "D. Napier" read "R. D. Napier." 
35, line ^, for "lead squares" r«ad "least squares." 
69, line 9 from bottom, 

/— (0 ^ r-^"] " '- "- [roT ^ ['^]'" 

T -1 y-1 

69, line 14, /or "A= ^ =(-) " ^^^^^ "A = ^ = (-) ■" 
93, line 6, /or "A, = ^'-, ^" r'-.ad "A, -= 3' x ?! ." 

V „ Po * ft 

" = J " = J 

137, line U from bottom,/(w " 2 w 2 »^„" raotf "lia 2 r,*. ." 

156, lino 4 from bottom, /or "2.236"' read "2.356." 

162, column \, for "Bending moment in pounds" read "Bending moment, 

inch-pounds." 



170, line 7, for 






\ V, K + log^ X 



!9, line ft from liottoni, Jor " 2000 " r«ad " 3000." 
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STEAM TURBINES: 

THEIR THEORY AND CONSTRUCTION. 



CHAPTER I. 
PRELIMINARY IDEAS. 



IN all practical forms of turbine, whether steam or hydraulic, the 
working fluid is directed in a jet or jets from one or more 
nozzles or guide blades on to a set of vanes or buckets mounted 
on the rim of a wheel, which is thereby impelled round, or, 
alternatively, the working fluid ia passed under pressure into the 
moving element of the turbine, and, issuing thence from nozzles set 
approximately tangentially, drives the wheel by its reaction. 

Impulse Titebinbs. 

The simplest and most easily understood form of turbine is 
the Pelton wheel, the characteristic features of which are clearly 
set forth in Fig. 1 (page 2). Here a jet of fluid, issuing under 
pressure from a suitable orifice, is directed into a set of cup-formed 
buckets mounted on a wheel. The Pelton wheel constitutes, as 
stated, the simplest form of impulse turbine, and exhibits more clearly 
perhaps than other varieties the essential characteristics of the type. 

In the supply pipe the speed of flow is low, but the pressure 
is high. On the other hand, as the jet leaves the nozzle its velocity, 
and consequently its kinetic energy, is very great. This increase of 
kinetic energy must have been derived from some source, and is, 
in fact, obtained at the expense of the potential enei^y represented 
by the pressure of the fluid in the supply pipe. The nozzle thus 
converts pressure into velocity, or potential energy into kinetic. 

The water, which in the supply pipe had a pressure of several 
atmospheres, issues at atmospheric pressure. That this is so is 
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2 STEAM TURBINES : 

shown very clearly by Fig. 2, which is reproduced from a photo- 
graph of a jet issuing from a well - formed nozzle. Were the 
pressure in the interior of the jet higher than that of the atmos- 
phere, the jet would swell instead of remaining practically parallel 
as shown. 



Fig. 1. Pelton Wheel. 

After passing through the buckets of the wheel the water falls 
clear and passes off to the tail race. In the latter it is also under 
atmospheric pressure, and hence its pressure has not been changed 
by its passage through the moving buckets of the wheel. This is 
the essential characteristic of the impulse type of turbine. The fall 
in pressure occurs solely within fixed nozzles or guide blades. 

On reference to Fig. 1, it will be obvious that several jets might 
be arranged to play upon the same wheel, and that it is purely a 
matter of convenience, and alters nothing in the essentials of the 
system, whether this arrangement is adopted, or whether the working 
fluid is supplied through a single nozzle. If there are sufficient nozzles 
to render the supply continuous around the whole circumference of the 
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PRELIMINARY IDBAS. 



wheel, the latter is said to work with complete admission. In all other 
cases the admission is partial. 

In the case of a Pelton wheel the nozzles all lie in the plane 
of the wheel, and some steam turbines have been successfully con- 
structed to operate in the same way. More generally though, impulse 
steam turbines are derived from another pattern of impulse wheel 
known as the Girard turbine. 

The general characteristics of a Girard water turbine are shown in 
Fig. 3. In this case the nozzles or guide vanes are arranged above 



Fig. 2. Flow from a Nozzle. . 



Fi^A. SECTION AT A.B. 

' eoioe fAMes 




3 and 4. Girard Water Turbine. 



the moving wheel, on to which they deliver jets inclined at an angle of 
15 deg. to 20 deg. to its plane, as indicated by a section through 
A B (Fig, 4). The buckets have the simple curved form shown, 
and the water, it will be seen, does not fill them. Am in the case 
of the Pelton wheel, the water leaves the nozzles under atmospheric 
pressure, and is not altered in pressure by passing through the 
buckets. Girard turbines can be constructed to work either with 
complete or with partial admission. That is to say, there may be 
a complete ring of guide blades, or only a few, subtending a mere 
fraction of the whole circumference of the wheel. The De Laval 
turbine is an example of a steam Girard wheel. 
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The possibility of working with partial admission constitutes 
the chief practical advantage of the impulse system of working. 
As it is unnecessary that the fluid shall be supplied all round the 
wheel, the size of the latter is independent of the quantity to be 
passed. Thus, with a given nozzle and given pressure in the supply 
pipe, the same results will be obtained if we use a Pelton wheel 
6 ft. in diameter running at 100 revolutions per minute, or one 
3 ft. in diameter running at 200 revolutions per minute. 

Rbaction Turbinbs. 

The characteristic feature of reaction turbines is that the fluid 
actuating them changes in pressure as it passes through the moving 
element of the turbine. 

Perhaps the simplest form of 
reaction turbine is that shown in 
Fig. 5, which represents an experi- 
mental form tried by Sir Charles 
A. Parsons in 1893. It consists of 
an arm mounted on a hollow shafb 
and counterbalanced as indicated. 
The arm is hollow and terminates 
in a nozzle directed tangentially as 
shown. Steam admitted through 
the hollow shaft expands through 
this nozzle down to the pressure 
in the chamber. A high velocity 
of efflux is generated by this 
expansion, and the arm is driven 
round by the reaction of the 
jet. 

Such a turbine is known as a pure reaction turbine. Ordinary 
reaction turbines are, however, constructed on somewhat different 
lines, and may be considered as Girard wheels, having complete 
admission, but modified so that there is a fall of pressure in the moving 
buckets as well as in the guide blades. 

The moving buckets have accordingly the form indicated in 
Fig. 6, and have the same width radially as the guide blades, instead 
of being flared out as shown at B in Fig. 3. With the form ot 




Simple Reaction Turbine. 
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bucket shown in Fig. 6, the area available for flow is leas at the 
discharge from the bucket than it is at the entrance, hence the fluid 
must increase in velocity in passing through the wheel, since the 
quantity leaving is the same as that entering, and it has to leave 
through a narrower opening. To get this increase of velocity there 
must be a fait of pressure within the moving bucket, and thus the 
pressure in the clearance p^ is intermediate between p,, the pressure 
above the nozzles, and p^ the final pressure of discharge. To 
prevent excessive loss by leakage, owing to this pressure in the 
clearance space, the whole wheel has to be closely boxed in and 
run with fine clearances. 

Turbines in which the fluid 
passes through the machine from 
one side of the wheel to the other 
are known as parallel-flow turbines. 
Turbines of the Pelton type, on the 
other hand, are called tangential- 
flow wheels, because the direction 
of the jet is a tangent to a circle 
passing through the centres of the buckets. There is, in addition, 
another type known as radial-flow machines. In these the direction 
of flow is similar to that of the fluid in a centrifugal pump. All 
three types, viz., parallel-flow, tangential-flow and radial-flow turbines, 
may be built to work either on the impulse or on the reaction system ; 
the distinction between which, rests solely on the fact that in the 
reaction turbine a conversion of pressure into velocity takes place 
within the moving element of the machine, whilst in the case of 
an impulse turbine this conversion occurs wholly within fixed elements 
of the turbine. 




Blades of Typical Eeaction Turbine. 
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CHAPTER II. 

GUIDE BLADES, NOZZLES, AND THE MOLLIER DIAGRAM. 

FROM the precediDg Chapter it will be apparent that a guide 
blade or nozzle forms an essential element of every turbine. 
Within these blades or nozzles there is a conversion of pressure 
head into velocity head, and the velocity thus generated can be 
calculated when the change of pressure is known. 

In the case of water or other non-elastic fluid, the velocity, 
in feet per second, generated in a frictionless nozzle is given at once 
by the well-known equation 

where h denotes the pressure drop expressed in feet of head. An 
expression exactly similar in form can be used to give the theoretical 
velocity of outflow when the issuing fluid is steam. 
We may then write — 

*- 224> (1) 

Here the quantity u is expressed in British Thermal Units, and is 
known as the "available heat," as the "thermodynamic head," or 
as the "heat drop." The derivation of this formula will be given 
later, but for the present it may merely be stated that this quan- 
tity u may be read direct from what is known as the MoUier diagram, 
of which an example is reproduced in Fig. 7. For the method of 
constructing this digram, reference must be made to Chapter XVI. 
on Thermodynamic Principles, but a knowledge of these is by no 
means essential to its intelligent use. 

Suppose, for example, that it is required to find the value of « 
in the case of a nozzle discharging into a space in which the pres- 
sure is, say, 14 lb. absolute, and that this nozzle is supplied with 
steam at 180 lb. absolute, which we may assume to be superheated 
till its temperature is 420 deg. Fahr. On the diagram will be 
found a number of curved lines marked " Constant Pressure Lines." 
These are crossed on the left-hand side of the diagram by a number 
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GUIDE BLADES, NOZZLES, AND THE HOLLIER DIAGRAM. 7 

of lines marked with different temperatures, and on the right-hand 
side with a similar set of lines marked " Constant Quality Curves." 
On the diagram find the point A, where the curve of 180 lb. pres- 
sure cuts the line corresponding to a temperature of 420 deg. Fahr.. 

On referring to the scale of Total British Thermal Units, at 
the foot of the diagram, it will be seen that 1 lb. of steam under the 
conditions stated, has a total beat content of about 1223.6 B.Th.U. 
Suppose then that this steam is expanded through a frictionless 
nozzle down to a pressure of 14 lb. absolute. Then the pound of steam 
as it leaves the nozzle has acquired velocity, and consequently possesses 
a certain kinetic energy. This energy can only have been obtained by 
the conversion, into this form of energy, of some of the 1223.6 units 
of total heat the steam originally possessed. If we call the quantity 
thus converted w, the value of u is found by drawing the line A B to cut 
at B the line of 14 tb. pressure."^ From the scale at the bottom it will 
be seen that steam in the condition represented by B contains 1032.8 
B.Th.U., or 190.8 units less than before it expanded through the 
nozzle. These units have, in fact, been converted into kinetic energy. 
bSing the value of u, which is to be substituted in equation (1). 
If V be the velocity of 1 lb. of steam on leaving the nozzle, its 

kinetic energy will be — ft. -lb., whilst the u units of heat are equal 

to « X 778 ft.-lb. Equating these two quantities we get 

c* = 64.4 X 778 w, 
or 

V - 224 ^V. 

Taking the value found for u — viz., 190.8 B.Th.U. the theoretical 
velocity of efflux will be 

r = 224 VI 90-8 - 3094 ft. per second, 
which is equal to the speed of the fastest projectiles. 

It should be noted, in passing, that with a simple convergent 
nozzle passing non-superheated steam, the speed of efflux never 
exceeds some 1500 ft. per second or so, and that to obtain a 
velocity of the above order it would be necessary to use a 
divergent nozzle. The explanation of this anomaly will be given 
later. 

Nozzles are never quite free from friction, so that the actual 
velocity generated is always less than the theoretical. Thus the 
actual kinetic energy of the pound of steam on issue might in 
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practice be, say, 10 per cent, less than the theoretical, and equal, there- 
fore, to 171.7 heat units in place of 190.8. Hence the total heat content 
of the pound of steam on discharge would then be 1223.6 — 171.9 = 
1051.9 B.Th.U. in place of 1032.8 B.Th.U., as waa the case when 
there were no frictional losses. The actual condition of the steam 
on discharge can then be found by setting off, in Fig. 7, the 
point D on the lower scale at 1051.9 B.Th.U., and drawing the 
vertical line D C to cut at C the curve corresponding to 14 lb. 
pressure. 

The actual velocity ot flow from the nozzle will in this case 
be equal to 

224 JlfU = 2934 ft. per B60ond. 

It will be seen from the diagram that the point B lies between 
the "quality curves" 0.88 and 0.89, so that the quality of the 
steam corresponding to a frictionleas flow is about 0.883. Referring 
to a steam table, it will be found that the specific volume of dry 
steam at 14 lb. absolute is 28.02 cub. ft. per pound. Hence 
the actual volume of 1 lb. on discharge will be 28.02 x 0.883 = 
24.7 cub. ft. per lb. In other words, a part of the steam has condensed 
as it expanded, and each pound as Anally delivered from the nozzle 
contains 0.116 lb. in the form of moisture, and 0.884 lb. in the form 
of vapour. 

The quality, or as it is often called, the "dryness fraction," 
corresponding to the point C is, it will be seen, about 0.904, so 
that nozzle friction dries the steam. Thus its volume as delivered in 
this case is 28.02 x 0.904 = 25.4 cub. ft. per lb. 

The area needed at the point of efflux is given by the relation 

Q X t. = M> X V, 

where a denotes the required area in square feet, v the actual velocity 

of flow, w the weight passed per second, and V the actual volume 

of 1 lb. of steam at discharge. In the first case, therefore, the area 

needed per pound of steam passed per second is 

V 24 7 
n -— =. jogj = 0.00800 aq. ft. - 1.160 aq. in. 

In the second case, where there is a 10 per cent loss of 
energy by friction, the corresponding figure is 

— = 0.00868 Bq. ft = 1.250 sq. in. 

2934 ^ ^ 

Tn the case taken above the steam was initially superheated, 
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GUIDE BLADES, HOZZLKS, AND THE HOLLIBR DIAORAH. V 

but the method of using the diagram is the same if the steam be 
wet. Thus, suppose steam at 10 lb. pressure and 99 per cent, dry 
is to be expanded through a nozzle down to 0.6 lb. absolute. In 
this case the initial condition of the steam is represented by the point 
E, and its final condition, if there be no friction loss, by the point F. 
The length of the line E F is about 168 heat units, and the 
theoretical speed of eflius is 224A/f68 = 2903 ft. per second. The 
steam on delivery will have a dryness fraction of about 0.862. Cor- 
rections for nozzle friction can be made exactly as before. 

A nozzle, it will be seen, is a device by which part of the heat 
of the steam is converted into kinetic energy, and the latter is finally 
converted by the action of the moving buckets of the turbine into 
mechanical work on the turbine shaft. If both nozzles and buckets 
had perfect efficiency, the whole of the u units of heat which are 
available for producing flow through the nozzle would appear as 
useful work on the turbine shaft. 

The noteworthy point is that out of the total heat of the 
steam, which in the case taken first was 1223.6 B.Th.tJ., only 
190.8 units are thus capable of conversion into work, even if there 
were no frictional losses. Of the original total heat, only this 
small fraction is even theoretically "available" for conversion into 
useftil work. It is for this reason that the quantity u is known 
as the " available heat." A further discussion of this point will be 
found in Chapter XVI., but in all cases the quantity u can be 
measured off the MoUier diagram in the manner above set forth. 

Flow Umdbr Small Diffebencis of Pbissube. 
When the pressure drop through the guide blades is small, the 
scale of the Mollier diagram is too contracted to permit of a reason- 
ably accurate measurement of u. The theoretical velocity of efflux 
is then given by the relation 

V = 8.02 jTiTV&p ft per second . • (2) 

or 

V - 96.3 TVAp. 

Here A p denotes the small pressure drop in pounds per square 
inch, and V may then be taken either as the specific volume of the 
steam before the expansion, or as its volume after dischai^, the two, 
in the case of small drops of pressure diflering but little. If V is 
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»V^ 



taken as the mean of these two values, the expression in question 
can be used with fair accuracy for drops of pressure which are not 
very small. As before, owing to frictional losses, the actual velocity 
of outflow will be less than given by this expression. 

From this formula it follows that in the absence of friction the 
weight discharged from a nozzle, of suitable form, under a small 
pressure drop is given by the relation 

where w denotes the weight discharged in pounds per second and 
A the area of the orifice in square inches, whilst D denotes the 
diameter in inches of the outlet of the nozzle if round. The use 
of round nozzles is, however, undesirable in turbine practice, as 
experiment shows that they lead to inefficiency. 

In using the above expression, it should be noted that ^p is 
to be reckoned small only when it is a small fraction of the higher 
pressure. Thus if the initial pressure is 100 lb. absolute, a value 
of Ap = 1 lb. per sq. in. is to be reckoned small ; but if the original 
pressure were 2 lb. per sq. in. absolute, a value of Ap equal to 
1 lb. would be reckoned large, since it is a large fraction of the 
initial pressure. 

Formula (2) may be established by considering an ideal indi- 
cator diagram, such as is represented iu Fig. 8. Suppose this refers 
to a cylinder containing exactly 1 lb. 
of steam. Let the initial pressure 
measured iu pounds per square inch 
be denoted by A F, and the back 
pressure by A E. Then, if this pound 
of steam were used in a steam-engine 
cylinder, the efieetive work done would 
be represented by the area F B D E. 

If in place of expanding in a cylinder the steam expands 
through a frictionless nozzle, it still does the same amount of 
work; but this work is now represented by the kinetic energy of 
the jet. 

Hence, if the area F B D E represents the work, expressed in 
foot-pounds, which could be done by 1 lb. of steam in a cylinder, 
its velocity in flowing through a frictionless nozzle when the pressure 
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on the inlet side is A F, and on the outlet side A E, is given by the 
relation 

- -FBDE. 

Now what is true for the diagram as a whole is true also for 
its constituent parts. In place of the back pressure being equal 
to A E, suppose it is equal to P G, then the work done by the 
1 lb. of steam in the cylinder will be very nearly equal to 



144 . FH X ^B + HPft-ib. 



Putting 
we get 



which, on reduction, gives equation (2), supra. 

It was shown above that in every case the velocity of flow 

is given by the relation 

— - the area FBDE. 
2g 

In a friotiontess nozzle the steam must expand without addition 
or subtraction of heat. It moves so fast that there is no time for 
it to lose heat to, or pick up heat from, the nozzle walls by con- 
duction, and thus, in the absence of friction, the expansion will be 
adiabatic. Hence the expansion Hue BD in Fig. 8 is an adiabatic 
curve. 

In the case of non-superheated steam the equation to the curve 
of adiabatic expansion is approximately given by the relation 

where pa denotes the initial absolute pressure of the steam, and 
Vq the initial volume occupied at this pressure by I lb. 

Actually the index varies a little, both with the initial pressure 
of the steam and with its quality. If not quite dry initially, the 
index is a little less than it otherwise would be. The variations 
are, however, small, and of no particular moment in practical 
applications. 

For steam initially dry Zeuner gives 1.135 as the best average 



In the ordinary treatises on the steam engine it is shown that 
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12 STEAM TVRBlKlS : 

if the law ot expansion in a steam cylinder is jj V = constant, the 
total work done will be : 

Work done - 11*-'' . (p,V, - p, VA 

where po denotes the initial pressure in pounds per square inch, V^ 
the initial volume in cubic feet, whilst pi denotes the terminal 
pressure, and Vj the corresponding volume. 

Hence the area of F B D E, Fig. 8, is equal to 

if 

Pi = CP and if Vj — /i V,, ; p being the ratio of expansion, 

this can also be written as work done 

-'^\-M^-0 (») 

Moreover, since 

pV' = PoV.\ 

we get 

Whence (3) may also be written in the forms 

Work done = lil-^.poVofl-p'"''). . . ■ (*) 

y -1 ^ ' 



^(■-(^)")- 



(6) 



As already stated, when the expansion occurs through a 
frictionless nozzle the work due is represented by the kinetic energy 
of the jet. Hence, taking as unit 1 lb. of steam at an initial 
pressure po lb. per square inch, and an initial volume of Vo cubic 
feet per pound, then if the final pressure is pi and the final volume 
Vi, we have 

10 

2^-10— -(P. v.- P. V,) 
9 
-1440(f.V.-ftV,l 

-iuop,y,{i- t) (6) 



M'-©'} 



U40f.Vjl -(-')■!. ... (7) 



(r}- 
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For superheated steam the index is about 1.30 instead of — . 

and henoe the law of expansion changes if the steun loses its 
superheat in the process of its expansion. 

Such oases are best dealt with by means of the MoUier diagram, 
or by corresponding arithmetical methods explained in Chapter XVT., 
on Thermodynamic Principles. 

A very close estimate of the velocity can, however, be obtained by 
a formula of the type of (4) and (5); if a suitable value of 7 is chosen. 

Thus, in the case already taken {pa^e 6} of a nozzle supplied 
with steam at a pressure of 180 tb. absolute, and superheated to 
420 deg. Fahr., the specific volume Vq of 1 lb. is about 2.731 cub. ft 
per lb. With ^ = 14 it was found above that Vj = 24.70 cub. ft. 
per lb. 

To find the appropriate value of 7 we have the relation 



whence 

Now 

Hence 
and 



log p» + y log Vb = log p, + y log V, 

T, = log Pi - log Pi _ '<«^ 
' log V, - log V, - log / 

180 ^ 24.7 

* ° U ' ' 3.731" 

logx - 1.10914 ; log|P ^ 0.93104, 



log._ 1.10914^ 
' log p - 0.93104 
Hence from equation (4) we have 

-- -» - r, = ^^^^^^^ "-{' - n^- 1^} = -■— 

.-. t. - 8.02 . -J 152,500 =. 3132 ft. per second. 
The value found from the MoUier diagram was 3094, ft. per 
second, or practically the same. 

Critical Velocity or Flow. 

As already mentioned on page 7 ante, the maximum velocity 

with which steam (not superheated) can flow from a converging 

nozzle does not exceed some 1500 ft. or so. This anomaly was 

discovered by Mr. R. Napier, in the course of experiments on the 
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discharge of steam from orifices carried out in 1866-67. He found 
that starting with an internal pressure of, say 100 lb., the weight 
discharged per second increased as the external pressure was 
lowered, until the latter attained a certain critical value, which he 
found was then somewhere about half the internal absolute pressure. 
Any further reduction of the external pressure gave no increase 
in the quantity discharged. He concluded that if the absolute 
external pressure was less than one-half the internal, that the 
expansion of the steam was not completed until some time after it had 
cleared the orifice, and that with convergent nozzles the pressure 
at the plane of discharge in no circumstances became less than half the 
internal pressure. He also found that by adding a diverging mouth- 
piece, or addendum, to a convergent nozzle, the expansion of the steam 
could be completed within this nozzle, and the theoretical velocity 
of discharge approximately attained. Such convergent- divergent 
nozzles were introduced into turbine practice by Dr. de Laval, of 
Stockholm, and should be adopted whenever it is desired to utilise a 
heat drop of much more than, say, 45 B.Th.U. in the case of non- 
superheated steam, or of some 63 B.Th.U. in the case of highly super- 
heated steam. 

The theory of the anomaly was given by Rankine in 1868. 

The weight w (expressed in pounds per second) discharged 
from an orifice n square feet in area is given by the relation 



(9) 



where v denotes the velocity of outflow and V the specific volume 
of the steam on its discharge. If, then, we start with dry steam 
at 100 lb. pressure and calculate the velocity of discharge from 
equation (8) ante, when the external pressure is made successively 
80 lb., 60 lb., 50 lb., &c., per sq. in. absolute, we get the figures 
given in column 2 of Table I. We can also calculate V, the 
specific volume on discharge from the relation 

and we thus get the value of V given in the third column of the 
table. If il is made equal to 1 sq. ft., the weight discharged per 

second is from (9), numerically equal to ==, and this is given in 

the last column of the table. 
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Tablk I, 



Bitonud Prewnre. 


of 
Flow. 

FNt p«r Seoond. 


Volnme of 1 lb. 
of the 

Cubic Feet. 




100 




0. 


4.33 





80 




937.6 


I 5.294 


178 


60 




* 1409.0 


6,860 


205 


eo 




1639.0 


8.081 


202 


40 




1874.0 


' 9.879 


i 190 


30 




2440.0 


18.44 


131 



According to this calculation the discharge attains a maxinium 
for a certain value of p, lying between 0.5 ^o and 0.6 p^ and 
afterwards diminishes. Actually no diminution takes place, but 
-when the pressure attains a certain critical value at the outlet, 
it remains constant at that value, and however much the external 
pressure be subsequently lowered, the remainder of the expansion 
of the issuing steam is completed after it is clear of the orifice. 
The physical explanation of this peculiarity was given by Osborne 
Keynolds, whose reasoning may be summarised as follows : 

The velocity of sound is that with which any impulse is 
transmitted through an elastic system. The speed of sound in 
steel (for example) is about 18,000 ft. per second, so that if 
one end of steel wire 100 ft. long were suddenly pulled, no 
indication of this would reach the other end till xJa^^ ^^ ^ second 
later. 

Now suppose a jet of steam issuing from an orifice with a 
velocity v, and let S be the speed of sound in the steam. If the 
external pressure is suddenly lowered, "news" of this operation 
will be transmitted back along the jet with a velocity equal to S-v. 
If, however, the ratio of the external to the internal pressure is 
such that V is equal to S, then the "news" of any further lowering 
of the outer pressure cannot be telegraphed back to the interior of the 
reservoir. The flow of the fluid to the orifice is then quite unaflected, 
and the discharge accordingly becomes constant. The value of this 
critical pressure ratio was determined by Kankine as follows : — 
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The weight discharged per second ia by equation (9) 

vQ 

«■ = V' 
Hence 

V- 
The value of v* by equation (8) is given by 

^^.u«.^v.{,-(lf}. 
Also 

V - ^V,. = *3 . v.. 
We thus get 

rf.T^.-2,.1440.^_(l-(~) ) 
= 2,..1„0.^[{L)^(J)^. 
Hence w* will be a maximum when ( _ r — f _ V" is a maximum. 

1 M 

Putting Z = - . we get Z^ — Z" = a maximum. 
Differentiating and equating to zero, we have 

6 10 



Therefore, 



.■- 18 Z - 19 Z 
log 18 + log Z = log 19 + 1 log Z. 

- - 0.2348 

- T.7662. 



If the value of the index is taken as 1.135, in place of -— , we get 
Z = 0.677 and X = 1.73. 

From Napier's experiments Rankine deduced the following 
simple empirical formula for the weight discharged per second when 
the critical value of a; is exceeded : — 
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where A denotes the area of the orifice in square inches, and p 
the absolute pressure, in pounds per square inch, of the steam on the 
inlet side of the nozzle. 

Another empiric^ formula has been given by Professor Ratcau. 
This is a little more complicated than Hankine's, but is more precise, 
particularly when p is small. Rateau's formula maj' be written as 

1000 

It was at one time assumed, as the result of Osborne Reynolds' 
physical explanation of the critical pressure ratio, that the speed 
of any gaa escaping from an orifice could never exceed the 
speed of sound. As already stated, however, Napier found that 
b}> adding a divergent cone to his convergent nozzle, much higher 
velocities could be reached ; approximating to those given by 
equation (1), even when u is very large. In such nozzles the 
steam expands down to a pressure 0.577 po ^^ the throat, and then 
completes its expansion in the divergent extension. The weight 
discharged per second from such a nozzle may therefore be found 
by using either Rankine's or Rateau's formula, and putting for A 
the area of the throat in square inches. The area needed at the 
outlet end of the divergent cone is then determined as explained 
on page 8, ante. It is, however, found desirable in practice to 
make the area of the outlet a little less than that thus calculated, 
but this point will be developed further in another Chapter. 
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CHAPTER III. 
NOZZLE AND GUIDE-BLADE EFFICIENCY. 

IN the preceding Chapter rules have been given for calculating 
the theoretical velocity of efflux from nozzles, and also the 
theoretical discharge in pounds per second. With actual nozzles 
there are frictional losses which diminish the velocity ; and in some 
cases the discharge is further affected by the fact that the jet does 
not entirely fill the opening, but forms a vena contracta. Thus 
the actual discharge of steam from a sharp-edged round hole in 
a thin plate is only 0.62 of the theoretical for moderate drops of 
pressure, rising to 0.82 of the theoretical, when the critical velocity 
(as defined in the previous Chapter) is attained. 

If V be the theoretical velocity of outflow, the actual velocity 
is equal to c v, where c is known as the coefficient of velocity. 
Similarly if il be the actual area in square feet, the effective area is 
C ft, where C is known as the coefficient of contraction. The volume 
discharged per second is therefore c . C . v . il, instead of v ft. Turbine 
guide blades and nozzles are generally of such a form that C 
is practically unity, and the volume discharged per second is then 
equal to c . i; ft. The weight discharged, per second, is obtained by 
dividing this quantity by the specific volume of the steam. 

Many experiments have been made on the efficiency of nozzles, 
but only a few of these have given reliable results. In some cases, 
for instance, no attempt was made to determine the initial state of 
the steam. In one set of somewhat elaborate experiments, for 
example, there is reason to believe that the steam, as it reached the 
nozzle, contained 10 per cent, to 13 per cent, of moisture. The 
dryness was not, however, actually measured, and hence it is im- 
possible to draw any trustworthy conclusions from the data then 
obtained. 

In order to ensure a high efficiency it is important that the 
entrance to a nozzle be very easy and well-rounded. With a nozzle 
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of the type shown in Fig. 9, Rateau found that weight discharged 
per second was indistinguishable from its theoretical amount when 
the external pressure had its critical value. With smaller drops 
of pressure the discharge, however, fell off, the defect from the 
theoretical quantity being greater the less the pressure drop. In 
all probability the jet, under these latter conditions, was forming a 
vena contracta, and thus the effective area of flow was less than 
that of the dischai^e end of the orifice. Both these conclusions 
are supported by experiments made by Stodola with a convergent- 
divergent nozzle. Here, when the inlet and discharge conditions 
were those for which the nozzle was designed, the discharge was 
practically equal to the theoretical, assuming that the pressure in 
the throat was 0.577 of the initial pressure. When the pressure at 
the discharge end was increased, thus lowering the total drop of 
pressure, a vena contracta was formed inside the throat. 



Fig. 10. Briling'a Nozzle. Fig. 11. 

Experience with actual turbines has further demonstrated that 
a vena contracta will be formed even when the discharge pressure 
has its proper value, if the entrance to the throat of the nozzle 
is not very easy and well rounded, and the discharge may then 
amount to only some 80 or 90 per cent of the theoretical. The 
formation of such a contracted vein, moreover, sets up eddies and 
waves inside the nozzle, thus increasing the losses by fluid friction. 

In some experiments on a round nozzle, described by Dr. Briling 
in the " Zeitschrift Vereines Deutscher Ingenieure," vol. i., 1910, there 
was found a substantial loss even at the critical velocity of discharge. 
The nozzle is shown in Fig. 10, and the coefl5cienfc of velocity is 
plotted in Fig. 11. The nozzle, it will be seen, had a very gradual 
taper, so that the jet in all probability completely filled the orifice 
at the point of discharge, and did not form a contracted vein 
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beyond it. On the other hand, however, the entrance to the nozzle 
is rather abrupt, a contracted vein being presumably formed there, 
and this, perhaps, accounts for the fact that at the critical velocity 
the velocity coefficient is about 0.97 instead of unity, as found by 
Kateau. It should, moreover, be added that some doubt attaches 
to the values given by the curve for the lower velocities of flow. 
In such conditions the quantities to be measured are themselves 
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Fig. 13. 



Christlein's Guide Blades. 

small, and any errors of measure- 
ment become proportionately 
great. It would be reasonable 
a priori to expect nearly unit 
efficiency with very low veloci- 
ties, since Osborne Reynolds has 
shown that in the case of pipes 
the friction losses, at very low 
speeds, vary only as the first 
power of thfe speed instead of 
as the square. Hence there are reasonable grounds for supposing that 
the curve for the velocity coefficient should not be a straight line. 

Straight nozzles of the types shown in Figs. 9 and 10 are not 
generally used in turbine practice. The more usual form is 
represented in Fig. 12, above, whilst a form used for high pressure 
drops by the Allgemeine Electrieitats Gesellschaft (A.E.G.) is similar 
to that represented in Figs. 20, 21, and 22, page 24. 

The curvature appears to have an adverse effect on the efficiency, 
and the coefficient of velocity is accordingly much lower than might be 
expected from the results obtained with straight nozzles. 

Experience with actual turbines shows that when the speed 
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of efflux is 800 ft. to 1200 ft. per second, the coefficient of velocity does / 
not exceed some 92 per cent., corresponding to a loss of about 1 
15 per cent, of the energy due from the steam. 

Some experiments made by Dr. Paul Christlein (" Zeitschrift 
Vereines Deutscher Ingenieure," vol. i., 1912) with the guide blades 
illustrated in Fig. 12, gave even lower values for thia coefficient. 

The maximum efficiency found by Dr. Christlein, with guide 
blades of the type in question, was about 90 per cent, for velocities 
in the neighbourhood of 1900 ft. to 2100 ft. per second, the 
corresponding velocity coefficient being 95 per cent., and to obtain 
this figure it was necessary to superheat the steam by about 
130 deg. Fahr. With steam having only some 4 deg. Fahr. super- 
heat, the best figure recorded was a velocity coefficient of 0.915, 
corresponding to an efficiency of only 84 per cent, for an estimated 
velocity of outflow equal to about 1770 ft. per second. 

No measurements were made with low velocities of flow, but, 
as shown in Fig. 13, an actual velocity of 300 metres, or about 
1000 ft. per second, corresponded to, in one case, only about 0.84 
of its theoretical value. The corresponding loss in the nozzle was 
therefore about 30 per cent. 

In Fig. 13 the ordinates represent the speeds of efflux in 
metres per second, and the abscissae the available heat in calories. 
The upper curve denotes the theoretical velocity, and the curves 
below show the actual measured velocities, with initial pressures 
of 2.01, 3.99, and 3.04 kg. per sq. cm. The initial temperature of 
the steam in degrees Centigrade is annexed in each case. The 
superheat corresponding to ti was 2 deg. Cent., to t^ and t,, 18 deg. 
Cent. The slope of the curves rather appears to indicate that at 
low velocities of 300 ft. to 400 ft. per second a better coefficient 
would be obtained. With steam speeds of 800 ft. to 1200 ft. per 
second, the results obtained with actual turbines appear, as already 
stated, to indicate a nozzle efficiency of about 85 per cent, for 
blades of patterns similar to those in Fig. 12. This efficiency 
corresponds to a velocity coefficient of about 0.92. 

Having determined the actual velocity of dischai^e by multiplying 
the theoretical velocity by the above velocity coefficient, the area 
required to pass, per second, w lb. of steam is given by the relation 

W V = B, 
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where V denotes the specific volume of the steam on discharge, Jl the 
area through the nozzles in square feet, and v the actual velocity of 
efflux. It is always assumed that guide blades of the type in 
question run full bore, hence the area between an adjacent pair of 
blades is equal to the radial width of the blades, multiplied by the 
shortest distance between them. It is further assumed that the 
steam leaves the blades at the same angle as that to which the 
tails are inclined, which, in the case of Fig. 12, is 20 deg. So far 
as the author is aware, no direct measurement has been made of 
the actual angle of outflow; but the assumption in question is 
probably nearly correct for blades of the form in question. If pieces 
of cotton are strung through blades of this kind, their motion 
indicates that the steam is delivered in a somewhat turbulent 
condition. 

If a be the angle of dischai^e, and A B the total arc subtended 
by the blades, the area through the blades can also be expressed in 
the form 

n = F . A B X A flin a, 

where F is known as the thickness coefficient, and h, as in Fig. 12, 
denotes the radial height or depth of the blades. If the blades 
were infinitely thin, F would be unity. In practice it ranges from 
0.92 to 0.94. 

Another form of guide blade, which is that generally adopted for 
the Parsons steam turbine, is illustrated in Fig. 14. No direct 
experiments on the efficiency of such blading have been published, but 
from the equations established, in a subsequent Chapter, for the flow 
through a group of Parsons blading, it is possible, from the turbine 
efficiencies observed and the weight of steam passed per second, to 
calculate the efficiency of the blades if used simply as nozzles. An 
application of the method of least squares to such data gives a 
nozzle efficiency of about 0.90 for velocities of 200 ft. to 300 ft. per 
second. This corresponds to a velocity coefficient of about 0.95. 
Fig. 14 represents the normal form of Parsons blading. Another 
form, known as a wing blade, is represented in Fig. 15. 

Owing to the fact that these blades have round backs, the 
area available for Bow between adjacent blades is no longer given by 
the relation fl = dk, where d is the shortest distance between the 
blades and h the blade height. Thus if, as is usual, d is gauged 
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to be ^ the pitch and I denotes the total length subtended by the 
blades, the actual area available for flow is not ^ Ih, but is equal 
to Ih sin a, where a is the angle of the discharge. The thickness 
coefficient for blades of this type is unity. 

A very ingenious method of measuring the angle of discharge 
for Parsons blading has been adopted by Messrs. W. Chilton and 
J. M. Newton of the Brush Electrical Engineering Company, Limited, 
Loughborough. A number of blades were assembled in a block, and 



Fig. 15. Wing BladiDg. 



""»<«■" 



Fig, 14. Komial Parson's Blading. 



Fig. 16. 
Flow of Steam Through PareouB Blading. 



carefully set to pitch and gauged. Steam was then passed through 
the blades into the atmosphere, with a pressure drop of about 
1 lb. Pieces of black cotton strung through the blades then gave 
the angle of flow, which could be measured with certainty to within 
less than 1 deg. of arc. The arrangement used is illustrated in Fig. 16. 
It is usual to set the blades in the casing o? a Parsons turbine 
to a wider pitch than those of the rotor. J^^ tVg fotmer case the 
pitch for f-in. blades is ^ in., and in the ^ % \^- ^^ «*^^ 

case the blades are set so that the narrow ^^'''^^ \ o^ "^^^ oF'^Vug 
between two blades is equal to one-third +^V!l -^ ^^ ^^^ ^^^ 
two arrangements were found to have di \\^ '\^', cV*-^'^^ ^^*' 
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Somewhat paradoxically, this angle is smallest in the case of the 
more widely-pitched casing blades, where for the |-in. standard 
it lies between 17 deg. and 18 deg. The -g-in. rotor blades, on the 
other hand, have a discharge angle between 18 deg. and 19 deg. 
The best average value for the two sets of f-in. blades appears 
to be about 18^ deg. The experiment further showed that the 
discharge from blades of this type was fairly free from turbulence. 




Fig. 19. Typical Nozzle. 



Fig. 22. Chrietleiii'a Nozzle. 



The reason why no thickness coefficient is needed in the case 
of guide blades of the type in question is that the stream lines from 
opposite sides of a blade unite, as indicated by C J I, Fig. 14. 
The form of the blades is a form of least resistance, and were it 
not for the curvature the efficiency would undoubtedly be very 
high. Thus if we take the well-known Venturi meter represented 
diagrammatically in Fig. 17, then, in spite of the narrow channel 
afforded to the water at the throat, the loss of head between P and Q, 
corresponding to a given discharge, is practically identical with what 
it would be if the pipe were of uniform bore, as indicated by the 
dotted lines. Obviously the conditions will not be essentially changed 
if inside a straight pipe we insert a torpedo-shaped body, as indicated 
in Fig. 18. In this case, as in the other, the discharge under a given 
head will depend almost wholly on the full bore of the pipe, and 



y Google 



NOZZLE AND QUIDE-BLADB EFFICIENCY. 25 

hardly at all on the narrow annular channel round the body S. 
Of course, this will not hold in extreme cases, aa, for example, 
with a ^-in. throat in a 6-in. pipe ; but under reasonable conditions 
the presence of a body of fair form causes very little loss of head. 

The curvature of the blades has some effect on these conclusions, 
but the type shown in Fig. 14 was originally arrived at by Mr. Horatio 
Phillips, who found that, as applied to aeroplanes, it showed a much 
higher efficiency than blades of the type represented in Fig. 12. 

Experiments made by Lewicki and Stodola with straight 
convergent-divergent nozzles, such as represented in Fig. 19, show 
that the loss of available energy per cent, may, in the case of 

non-superheated steam, be about 6 I — 7X~)' when the entrance to 

the nozzle is easy and well-rounded and the taper not too rapid. 
Here u denotes the available heat measured from the Mollier diagram. 
Thus if w is 145 B.Th.U., the nozzle loss will be about 6 per cent., 
or 8.7 units of heat, so that the actual velocity of efflux will be 
given by 

<■ 2610 ft. per second nearly. 

In a great many cases, however, turbines have been constructed 
with nozzles to which the steam does not get ready access ; the 
curves leading to the throat being much too abrupt, the discharge is 
then less than the theoretical, and the frictional losses are greatly 
increased. 

Nozzles of the pattern represented in Figs. 20, 21, and 22 
have been somewhat extensively used. As tested by Dr. Paul 
Christlein {" Zeitschrift Vereines Deutscher Ingenieure," vol. i., 1912), 
the maximum efficiency observed was somewhat low, the losses being 
fully twice as great as by the above formula. Some of his results 
are plotted in Fig. 23, page 26. 

Methods of Testing Nozzles and Guide Blades. 
One method of testing the efficiency of a nozzle, originated by 
Dr. Stodola, is represented in Fig. 24. A fine tube, -^ in. in out- 
side diameter, passes through the nozzle G, as indicated. This tube 
is closed at its lower end, but is pierced with a hole, ^ in. in 
diameter, in the part where it passes through the nozzle. The 
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upper end communicates with a pressure gauge B, which records 
the pressure of the steam at the ^-in. hole. Provision is made for 
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Morley'a Apparatus 
Kozzle Testing. 



moving this hole to any part of the nozzle under test, bo that the 
steam pressure at any section of the nozzle can be determined. In 
this way the whole fall of pressure as the steam passes through 
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the nozzle can be mapped out. Some results obtained by Mr. 
Thomas B. Morley, B. Sc, with the nozzle shown in Fig. 25, are 
represented by the curves in Fig. 26. In the case of the upper 
curves of Fig. 26, the back pressure on the nozzle was too high. 
In such a state of affairs a vcTia conlracta forms inside the nozzle, 
which consequently does not run full bore in this neighbourhood. 
At this vena contnxcta the pressure at first falls too low, and then 
is gradually restored, as indicated. In the case of the fourth curve, 
the back pressure is nearly correct for the nozzle, and the pressure, 
it will be seen, falls pretty uniformly from the throat to the 
discharge end. 

In testing a nozzle by means of this exploring tube, the quantity 
of steam passed in a given time is weighed, and since the pressure 
at each section of the nozzle is measured, the actual velocity of flow 
there can be calculated, assuming the dryness fraction of the steam. 
From the Mollier diagram the velocities corresponding to any assumed 
dryness fractions can be calculated by methods such as were explained 
in the last Chapter, and by comparing these calculated velocities with 
those corresponding to the assumed dryness fractions, the true dryness 
fraction can be determined. A reference to the Molher diagram then 
shows how much of the heat drop corresponding to the actual fall 
of pressure has gone to dry the steam, and this represents the loss by 
friction. In this way Stodola found that with a nozzle supplied 
with steam at about 10^ atmospheres, and discharging against a 
back pressure of about 2^ lb. absolute, the loss amounted to about 
15 per cent. 

Attempts have also been made to measure by electrical means the 
temperature of the steam at various points along the axis of a nozzle. 
Were this done the corresponding pressure could be taken from 
a steam table, and the efficiency determined as above. It has not, 
however, proved feasible to measure accurately the true temperature 
of a rapidly-moving gas. Thus Sir C. A. Parsons and Mr. G. Stoney 
compared the luminosity of a platinum wire inside a chamber (where 
gas was burnt under pressure) with the brightness of a similar wire 
placed in front of a nozzle through which the products of combustion 
expanded. The two wires appeared to have practically the same 
temperature. The gas, cooled by expansion through the nozzle, had its 
temperature restored by adiabatic compression as it impinged on 
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the wire in ita path. Other experiments on steam turbines have 
also shown the extreme difficulty — it might perhaps even be said 
the impracticabiUty — of accurately measuring the temperature of 
the steam at various points along the turbine. 

A more direct method of measuring the efficiency of a set of 
guide blades or of a nozzle appears to have been 6rst used by 
Mr. D. Napier, and was adopted in the experiments of Dr. Christlein 
{" Zeitschrift Vereines Deutscher Ingenieure," vol. i., 1912) already 
referred to. 



scctiohX.X. 
Figs. 27 and 28. Chriatlein'a Nozzle-Testing Apparatus. 

In this method the back thrust or reaction of the escaping 
jet is measured, and the velocity of efflux deduced therefrom. The 
apparatus,' as used by Dr. Christlein, is represented in Figs. 27 and 
28. It consists of a pendulum pipe supported on ball-bearing 
trunnions, as indicated. The nozzle under test is fixed at the lower 
end as shown, and by its back thrust tends to deflect the pendulum. 
This deflection is counteracted by weights in the scale pan. The 
steam which escapes from the nozzle is collected in a surface con- 
denser and weighed. 

If IV be the weight passed per second, and R the measured 
reaction in pounds, the velocity of efflux v is given by the relation 

R = - . V. 

9 

This equation, in one form or another, is a fundamental one in 
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steam-turbine theory, and, indeed, in mechanics generally. The 
quantity on the right is the momentum generated in w lb. of steam in 
one second, and this is numerically equal to the force effecting the 
change in the velocity. 

As applied to determining velocities of efflux, the equation 
in question gives rise to a somewhat curious point when used for 
the case of a simple convergent nozzle with which, as the external 
pressure is lowered, the velocity of efflux increases up to the critical 
value. Once this value is attained any farther decrease in the 
external pressure will not increase the velocity of efflux, but it will 
increase the measured reaction, and there is indeed some corre- 
sponding increase of onward velocity, which is, however, generated 
after the steam has actually cleared the nozzle. At the critical 
point the distribution and amount of the pressure on the interior 
walls of the nozzle box attain conditions which then remain contant, 
however much the external pressure be lowered. 

Let A be the area of the back wall of the nozzle box. Then 
the pressure on the inner side of this is PoA.. On the front face 
the presence of the nozzle opening prevents the internal pressure 
being uniformly distributed, and the consequence is that the net 
effective pressure on this face is equal topoA^, where A' varies with 
the external pressure until the critical value is reached. After that 
A' remains constant. 

If il be the area of the nozzle opening, the outer pressure^! acts 
on the whole of the back face, but on the front the effective area 
exposed to pressure is less by the amount of the nozzle opening. 
- Hence the total reaction observed consists of two terms, 
or 

R = Po (A - A') - p, Q. 

When the critical condition is reached, A' becomes constant, but the 
term 2h ^ diminishes with any further reduction in pi, so that the 
reaction is increased, although the velocity of efflux remains un- 
changed. 

As discharged the steam has, however, a pressure greater than 
that of its surroundings, and a further expansion takes place both 
laterally and in a forward direction, and it is this addition to the 
forward velocity produced after the jet is actually clear which 
corresponds to the observed increase of reaction. 



y Google 



( 30 ) 



CHAPTER IV. 

IMPULSE BUCKETS. 

THE function of the guide blades being to convert potential into 
kinetic energy, that of the buckets on the moving wheel 
is to transfer this energy to the turbine shaft by robbing the steam 
of its velocity. In practice, this function is only imperfectly 
accomplished. The fluid as finally discharged has always some 
residual velocity, and hence some remanent kinetic energy. There 
are, besides, certain losses by fluid friction, so that in practice the 
wheel does not transfer to the shaft more, at most, than some 
80 per cent, of the kinetic energy delivered to it by the nozzles. 
If the latter have an efficiency of 85 per cent., the over-all 
efficiency of the combination of nozzles and moving wheel is about 
0.85 X 0.80 = 0.68, which is about the maximum figure attained 
with non-superheated steam. Superheating, it may be stated, 
diminishes the frictional losses both in guide blades and buckets. 

Impulse Buckets. 

The elementary theory of the moving impulse bucket is very 
simple. In Fig. 29 is represented diagrammatically the nozzle of a- 
De Laval turbine, with the buckets below it. Steam is delivered 
from the nozzle in a definite direction, and with a definite velocity, 
which can be calculated by the rules already given. 

In Fig. 30 let AB = v denote this velocity drawn to scale. 
The angle a is the angle which the direction of flow from the 
nozzle in Fig. 29 makes with the direction of motion of the blades. 
CB (Fig. 30) denotes, both in magnitude and direction, the speed 
of the buckets ; and then A C is equal to the velocity of the fluid 
measured " relatively " to the moving buckets. In other words, if a 
flat surface were moving with the velocity C B, then a particle 
moving simultaneously over this surface with a velocity AC would 
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actually travel in space along the path A B, so that A B is the 
" absolute " velocity in space of the particle in question. 

One of the buckets of Fig. 29 is represented by the heavy line 
HI J in Fig. 30. This catches the steam moving along the relative 
path AC, and turns it round, so that it is discharged along the 
relative path C D ; C D being a tangent to the curve of the bucket 
at discharge. This, as stated, is a relative velocity, and to find the 
true absolute direction of the discharged steam in space it is necessary 
to add (graphically) to this relative velocity CD (as determined 
later), the bucket speed D E = C B = s. Then C E = ?■ denotes 
the absolute residual velocity of the steam in space. 



Fig. 29. De Laval Nozzle and Buckets. 




Hence 1 lb. of the steam entering with an absolute kinetic 
energy = [w^,] B.Th.U. is discharged with an absolute kinetic 

energy of (^^) B.Th.U. per lb. These kinetic energies can, of 

course, also be expressed in foot-pounds, viz., as — and — . 

Hence the steam has lost in passing through the wheel an 

amount of energy equal to {^^) — (ootI- Of this, however, 

only a part has been transmitted to the shaft as useful work, since 
there is always some loss in friction due to the rubbing of the steam 
over the buckets. As a consequence of this, the relative velocity 
C D with which the steam leaves the bucket is equal to ■^ A C = i^ ^, 
where ^ is a fraction which varies considerably under different 
conditions. For simple impulse wheels, running at about their best 
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speeds, -f is often about 0.68 to 0.72. The loss of kinetic energy 
in the wheel is f — ) {1 - ^«) B.Th.U. 

Hence of the original kinetic energy supplied to the wheel — viz. 
\224/ ^■'^hU-. an amount equal to (^) has been "carried 

„ . n V 

over, and an amount 1^^ I {1 — ^*) has been destroyed in friction. 

The residue— viz., (^1 [v' — r* — /« {i _ ^«)], is the " indicated " 
work done on the turbine shaft. The actual useful work delivered 
to the generator, or whatever is driven by the turbine, is always 
less than this, owing to bearing 
friction and the like. The wheel 
efSciency, or, as it has been con- 
veniently termed by Mr. Jude, 
the dii^ram efficiency, is equal "^"^-.^ 

to the indicated work done per ^■^*-o 

pound of steam, divided by the ^'8' 3'- 

original kinetic energy of the jet. Calling this e, we get 

.."l-Jlr|(L^i3 (10) 

If we know ^, both I and r are easily scaled off the diagram (Fig. 30), 
and thus e may be determined. This, however, can be done even 
more simply, as indicated in Fig. 31. 

As already stated, C D, Fig. 30, is directed along the tangent, 
at discharge, to the curve of the bucket. The angle F C D = >t 
(Fig. 30) is known aa the bucket angle at discharge. This in simple 
impulse wheels is generally 25 deg. to 30 deg. In Fig. 31 the 
angle F C D is made equal to ^, but instead of setting off C D = -^l 
below .the base line, this quantity is set off above the line as E C. 
From E a perpendicular is dropped to the base line at G, and similarly 
A F is drawn perpendicular to the same base line. If, then, the 
quantity F G is scaled off the diagram, the dii^am efficiency e is 
given by the relation 

^ _ 2CB.FG _ 2g.FG ,jjj 



Or if s = 8 . ^' ; S being a fraction, we have 



! = 25. L9 (12) 
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As a numerical example: Let A B be 1400 ft. per second, 
s = 450 ft. per second. Let the nozzle angle be 20 deg., and the 
bucket angle on discharge 28 deg. Then setting off to scale A B 
and C B, we get A C = ^ = 989.2. Taking ^ as 0.72 we get 
E C = 712.2, and the angle E C G being the angle of discharge is, as 
stated, 28 deg. ScaUng G F, it will be found to be 1494 ft. per second. 

Hence 



" ^ UOO y 1400 = "•""" 

The diagram efficiency may also be found by calculation instead of 
graphically. 

From Fig. 31, we have, if a denote the angle ABF, and [t the 
angle EGG 

GF = vcoaa + -j- / . cos ;. - » 

80 tiiat 

» - i*[i'Coaa + 4.;co8M - *] 

„ —^-^- [l400 X 0.9397 + 0.72 x 989.2 x 0.8829 - 450] = 0.686 oe before. 

On actual trial it will be found that the equations (10) and (11) 
yield the same value for e. 

The direct proof of (11) is as follows: — If w be weight of a 

body moving with a velocity v, its momentum is equal to — v. 

Now V can always be resolved into two components. Thus in 
Fig. 30 the velocity A B can be resolved into the two components 
AF and F B. The former is called the axial velocity of the steam, 
whilst F B is known as the tangential velocity. Taking w as unity, 

we have - for the total momentum of 1 lb. of steam as it issues from 

9 
the nozzles, and this can be resolved into an axial momentum 

- — and a tangential momentum , which is directed in the same 

direction as the motion of the buckets. Similarly, if we take the 
final absolute velocity r, the total momentum of 1 lb. of steam on 

discharge is -. This can also be resolved into an axial component 
9 

— and a tangential component . Hence the tangential 

momentum of 1 lb. of steam in passing the buckets has been 

D 
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T> Tjl , pi Tjl 

changed by the amount This quantity is frequently 

called the " Impulse " of the steam on the bucket. 

By an elementary rule in mechanics, if the momentum in a 
given direction of a body weighing w lb. be altered, then the 
force f, which has effected this alteration, ia given hj f = change 
of momentum effected in one second. Hence the force which has 
changed the tangential momentum of 1 lb. of steam in one second is 
/= By + GE 
9 
This, then, is the tangential force exerted by the buckets on the 
steam, and, action and reaction being equal and opposite, a force 
of equal amount must have acted on the buckets. In one second 
this force drives the buckets through a distance s. Hence the 
indicated work done per second per pound passed is 
/« '.(F B + GE ) 

' ' ' ' . ^ 

The kinetic energy supplied per pound per second is r— . 
Hence 

g 2g v* 

From Fig. 30 we have F B = i; cos a ; G E = ^ . ? . cos fi, — s. 
So that, as before, 

e = !i-.(«C08a +4-^cofl^-«) . . . (13) 

It may be noted in passing that unless A F is equal to C G, 
Fig. 30, there is also a change of axial momentum, and thus an 
axial force on the bucket. Hence an axial thrust may arise, even 
if there is no drop in the pressure of the steam as it passes from 
one side of the wheel to the other. 

From equation (13) it will be seen that the diagram efficiency 
depends on s. If s be zero, the bucket being stationary, no work 
is done, and the value of e is also zero. 

Again, if s = v cos a + ^.l cos /*, the efficiency ia again zero, so 
that at some intermediate point, the diagram efficiency must be a 
maximum. It is found by experiment that the position of this 
maximum dependa not only on the nozzle angle a, but also on the 
bucket angle at discharge. The best value of s ia approximately 
one-half F B. 
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Table II. shows the efficiencieB reaUsed in a series of tests 
of six turbine wheels, the nozzle angle in ^1 experiments being 
20 deg., whilst the bucket angles varied between 20 deg. and 
50 deg. The figures tabulated have been deduced by smoothing out 
the actual trial data by the method of lead squares. 









Table II.— Efficibnct op Iupvibb Turbines. 






1 


a 


for DifTereat Bucket Angles. Nozzle Angle = 20 Deg. 


1 


Bucket Angle = 20 D(«. 
0123466789 


.0 


.0000 


.0334 


.0642 


.0964 


.1261 


.1660 


.1853 


.2145 


.2425 


.2701 


.1 


.2970 


.3231 


.3489 


.3737 


.3988 


4214 


.4432 


.4663 


.4878 


.6313 


.2 


.5286 


.5476 


.6665 


.5843 


.6014 


.6179 


.6334 


.6485 


.6626 


.6758 


.3 


.6884 


.7001 


.7109 


.7208 


.7297 


.7380 


.7457 


.7525 


.7592 


.7647 


.4 


.7699 


.7761 


.7799 


.7862 


.7903 


.7969 


.7991 


.8009 


.8000 


.7960 



Bucket Ai^Ie 



.0 


.0000 


.0318 


.0631 


.0940 


.1222 


.1642 


.1841 


.2133 


.2418 


.2696 


.1 


.2964 


.3232 


.3484 


.3732 


.3969 


.4197 


.4426 


.4642 


.4852 


.5066 


.2 


.6263 


.6443 


.6623 


.6798 


.6964 


.6123 


.6276 


.6416 


.6650 


.6678 


.3 


.6797 


.6908 


.7006 


.7094 


.7178 


.7260 


.7318 


.7379 


.7434 


.7483 


.4 


.7626 


.7562 


.7694 


.7619 


.7640 


.7664 


.7665 


.7669 


.7670 


.7665 



Bucket Angle = 40 Deg. 



.0 


.0000 


.0320 


.0633 


.0939 


.1212 


.1631 


.1815 


.2094 


.2369 


.2633 


.1 


.2894 


.3148 


.3380 


.3629 


.3860 


.4084 


.4294 


.4510 


.4707 


.4908 


.2 


.6096 


.6277 


.6449 


.6614 


.5773 


.6923 


.6066 


.6200 


.6329 


.6451 


.3 


.6660 


.6663 


.6758 


.6844 


.6922- 


.6990 


.7053 


.7104 


.7160 


.7204 


.4 


.7241 


.7271 


.7295 


.7314 


.7326 


.7332 


.7332 


.7328 


.7319 


.7303 



Bucket Angle " 50 Deg. 



.0 


.0000 


.0308 


.0609 


.0903 


,1189 


.1469 


.1742 


.2008 


.2225 


.2515 


.1 


.2769 


.2996 


.3224 


.3449 


.3664 


.3873 


.4076 


.4277 


.4467 


.4639 


.3 


.4813 


.4980 


.5141 


.6293 


.6440 


,6679 


.5720 


.6837 


.6966 


.6067 


.3 


.6172 


.6270 


.6363 


.6449 


.6527 


.6600 


.6666 


.6721 


.6770 


.6813 


.4 


.6847 


.6873 


.6892 


.6904 


.6907 


.6903" 


.6890 


.6869 


.6840 


.6803 
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It has been shown above that it is possible in a very simple 
way to determine the driving force on a bucket, once the value of ■^ is 
known. It is both of interest and importance to note that this 
driving force really arises from centrifugal action, as in this appears to 
lie the explanation of the enormous variations in the value of ■^ which 
have been disclosed by experiment. 

Whenever a body is compelled to move round a curved path, 
centrifugal forces necessarily come into play. The steam as it passes 
round the concave face of the bucket in Fig. 30 is no exception to this 
rule. Were the bucket absent, it would continue 
its original motion in a straight line, and to \ 

compel it to follow a curved line, the concave ^' ' i \^ 
face of the bucket must exert on it a certain ■ . 

pressure. Hence the layer of fluid next this \y^ \ y^ 

concave face is under pressure, the state of // !// 

affairs being somewhat as indicated in Fig. 32, U| p{ 

where the ordinates to the curved line CD \\ \\ 

represent the distribution of pressure along the J^ ^^ 

base A B. 

The pressure of the fluid at the concave face is equal to A C, 
whilst at B it is represented by B D ; B D being probably the same 
as the pressure of the fluid as it was originally delivered from the 
nozzle. The diagram, it should be stated, is intended to be dia- 
grammatic only, and is not to scale, since the data do not exist to 
find the true distribution of pressure in the case of a viscous fluid like 
steam. Were the latter a perfect fluid the pressure distribution could 
be calculated, and the condition of affairs in that case afibrds some clue 
as to the actual character of the phenomena in the case of steam. 

If we suppose that each layer of fluid remains distinct during its 
passage through the bucket, what is known as stream line motion 
results. In that case each individual layer retains the same energy as 
that with which it started from the nozzle. Hence, as the layer next 
the concave face is higher in pressure than layers further out, its 
velocity of flow will be decreased. At the same time being under 
pressure as stated, and unconfined laterally, it will spread out side- 
ways, with a velocity corresponding to its surplus of pressure. There 
thus results a spreading of the jet. The rate at which this takes place 
may, in certain cases, equal the speed of flow in the forward direction. 
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The thinning of the jet when uneonfined laterally is very marked 
when a nozzle delivering steam at a high velocity is directed on to a 
Pelton bucket. The jet, originally f in. or so in diameter, is 
then delivered over the discharge edges of the bucket in sheets as 
thin as paper. The boundaries of the stream have thus a considerable 
lateral velocity, which contributes nothing to the drive on the wheel. 

When the stream is uneonfined laterally it is said to pass 
through the buckets with free deviation. Values of '^ for buckets 
working with free deviation are given in the curve. Fig. 33. 

Experience has shown, 
however, that higher effi- 
ciencies (sometimes much 
higher efficiencies) are ob- 
tained by preventing this 
lateral spreading of the jet. 
In fact, it is found advan- 
tageous to shroud the blading 
even when the steam velocity 
is relatively low, in which case 
Fig. 33. the spreading of the jet is not 

excessive. Thus the earher Zoelly turbines had buckets much longer 
radially than their guide blades, so that free deviation was secured. 
This was, however, subsequently abandoned in favour of Rateau's plan 
of making the buckets but little wider than the guide blades. Manj' 
earlier turbine builders were afraid that unless the bucket was 
much wider than the nozzle there would ensue losses by "spilling," 
the jet passing round in place of through the buckets. In some 
experiments made by Messrs. Chilton and Newton, of the Brush 
Electrical Engineering Company, Loughborough, no signs of spilling 
could, however, be detected with a bucket only a few mils, wider 
than the jet. The latter was, however, round, and it is quite 
probable that a somewhat larger allowance would be necessary 
with guide blades giving a sheet rather than a round jet of steam. 
With round jets a large amount of free deviation is unavoidable, 
and their use is accordingly contra indicated. 

In other words, restraining the lateral spreading of the jet 
increases the value of yjr, but the latter is also dependent on the 
" angle of deviation " of the jet. This angle is equal to 180 — — fi., 
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Fig. 30. In this 6ffure it should be noted that is the angle 
A C F, which is not necessarily the bucket angle at entrance. In 
fact, the latter angle should always he some 5 deg. to 10 deg. larger 
than 6. 

From some experiments by Dr. Briling (" Zeitschrift Vereines 
Deutscher Ingenieure," April 29, 1910) the following expression was 
deduced for the connection between ■^ and u, the angle of deviation 
as above defined : — 

4- = -.]/, - 0.000,432 «'. 

The value of ■^ was found to vary between 0.90 and 0.99, and 
the jet was more or less "freely deviated." 

Briling also found that buckets (wide in the axial direction) 
gave larger values of ■^ than narrower buckets. This, perhaps, 
arose from the fact that with the wider buckets there was some 
restraint on the spreading of the jet. The ratio of width to pitch 
was, in fact, the same for the narrow and for the wide buckets, 
80 that a greater mass of steam passed between each pair of the 
latter. To allow the stream to spread equally freely in both cases, 
the wide buckets should therefore have been longer than the others, 
but were actually of about the same length. Hence there may 
well have been with them some restriction on the spreading of the 
jet. Further, if from Table II., as explained below, the coefficients 
■^ are calculated for the wheel running at different speeds, it will be 
found that the slower the speed the higher is the value of ■^. Now 
the tendency of the jet to spread is greater the greater the drive 
on the wheel, and this drive is a maximum when the wheel is 
stationary. Hence it may well be that at the higher bucket speeds 
the jet was freely deviated, but that at the lower there was some 
check on its lateral spreading. The matter is, however, complicated 
by the further fact that the slower the speed the greater the 
relative velocity of the jet. In some experiments carried out with 
water by Donat Banki ("Zeitschrift Vereines Deutscher Ingenieure," 
vol. i., 1909), the lateral spreading of the jet was very effectually 
prevented, and high values of ■^ realised 

Hydraulic Shock. 
It was at one time considered of prime importance that the 
tangent to the bucket angle at entrance should be parallel to the 
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line C A, Fig. 30. la other words, the bucket angle at entrance 
was made equal to A C F. With this construction it was held 
that the fluid slid into the bucket rather than struck it, and it 
was anticipated that this condition would lead to a maximum value 
of 1^. Actual experience has shown the contrary, and that it is 
best to make the bucket angle at entrance some 5 deg. to 10 deg. 
larger than the angle 0, Fig. 30. 

From Table II., on page 35, it is possible to calculate the 
value of ip- corresponding to different values of 6. The buckets 
had equal entrance and discharge angles. Hence with the 
30-deg. bucket there was, at low speeds of motion, a lar^e diver- 
gence between and the bucket angle. The two coincided 

when the ratio -t f^^ _ q 3472. At this speed the efficiency 

steam speed '^ •' 

was 0.7237, and since 

« •■ _- . (f COB a + •\it<x>a/i- 1), 

we easily find that -^ = 0.759. On the other hand, with a blade 
speed equal to t*)}^^ ^^ steam speed, the value of yjr comes out as 
0.818. In this case the value of d is about 8 deg. less than the 
bucket angle at entrance. 

The reasoning, on which the erroneous conclusion as to the 
importance of making the bucket angle at entrance equal to was 
derived, is exceedingly plausible, and seems to have originated in 
Grermany. Let a current of water impinge perpendicularly on to 
a flat plate. It will obviously spread equally in all directions. 
Suppose, however, the plate is inclined to the current, as indicated 
in Fig. 34, where AB denotes the plate and CD = v, the velocity 
and direction of the impinging current. To 
determine what would happen in this case the 
velocity C D was resolved into a component 
C E parallel to the plate and a component E D 
perpendicular to the plate. The latter com- 
Fig. 34. ponent being normal to the plate, was assumed 

to produce a uniform spread of the fluid in all directions, so 
that the centre of gravity of the fluid moved along the plate with 
a resultant velocity equal to C E. The normal component D E was 
thus supposed to be " destroyed by hydrauUc shock." It was assumed 
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that in the case of a turbine bucket the initial element of the 
latter could be taken as corresponding to the plate A B, and that 
if this made an angle with the direction of the entering fluid, 
that there would be a loss corresponding to the component D E 
in Fi^. 34. Actual experiment has shown this conclusion to be 
erroneous. Experimenting with water, Professor Donat Banki 
(" Zeitschrift Vereines Deutseher Ingenieure," 1909) found no 
evidence of serious loss by hydraulic shock, even when the jet was 
steeply inclined to the surface on which it impinged, but it should 
be added that any lateral spreading of the flow was, in his experi- 
ments, checked by side plates. 
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CHAPTER V. 
THE EFFICIENCY RATIO AND THE REHEAT FACTOR. 

IN Chapter II. a method was explained of determining from 
the Mollier diagram the amount u of heat energy which a 
theoretically perfect turbine could turn into work when receiving 
steam at a pressure pi and exhausting at a pressure p^. Thus, taking 
steam at an initial pressure of 170 lb. absolute and at a temperature 
of 520 deg. Fahr., the amount of heat which a perfect turbine 
would turn into work if exhausting at a pressure of Ij lb. per sq. in. 
will, as shown by the line H G, Fig. 7, ante, be 331 B.Th.U. per lb. 
of ateam passed. The position of the point G fiirther shows that 
in such a case the steam on discharge would be 83.3 per cent. dry. 
In all actual turbines there are serious losses due to internal friction, 
originating in various ways, so that the amount of heat actually 
converted into work is only some 60 to 70 per cent, of that 
theoretically possible, even in the case of a good turbine. If 
the actual figure is 60 per cent., the turbine is said to have an 
efiSciency ratio of 60 per cent. The efficiency ratio may also be 
defined as 

Theoretical steam conBumption 
Actual Hteiim coasumptiou 

To determine the theoretical steam consumption we note that 
one horse-power hour is equal to 33,000 x 60 = 1,980,000 ft.-lb. 
Dividing this by 778, we get the equivalent energy in heat units. 
Hence one horse-power hour = 2545 B.Th.U. 

Now if 331 B.Th.U. should be turned into useful work for each 
pound of steam passed through a perfect turbine, then the theoretical 

steam consumption per horse-power hour is — y— = 7.689 lb. If on 

trial the actual consumption is 13 lb. per horse-power hour, then 
the efficiency ratio of the turbine is 59.1 per cent. Similarly the 
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theoretical consumption per kilowatt hour may be shown to be 
lb. where u denotes the available heat as measured from the 

M 

Mollier diagram, in the manner already explained. Ab before, the 

™. . ,. Ml 1 1 , theoretical consumption 

etticiency ratio will be equal to = f . 

actual consumption 

The value thus found for the efficiency ratio will depend upon 
whether the power developed is measured at the switchboard or at 
the turbine shaft. 

Let fi denote the efficiency ratio as deduced from the power 
measured at the switchboard, then tj may be called the " over-alt " 
efficiency ratio. If the generator haa itself an efficiency of 95 per 
cent., then e^, the efficiency ratio at the turbine shaft, is e, -h 0.95 ; 
and, finally, if the turbine has a mechanicAl efficiency of 97 per cent., 
the " indicated " efficiency ratio of the turbine e,, say, is equal 
to e, -^ 0.97. Hence, if e^ were 68 per cent., then e, would be 
71.5 per cent., and e, would be 73.7 per cent. 

It was shown above, that starting with steam at an initial pressure 
of 1 70 lb. per sq. in. absolute, and at a temperature of 520 deg. Fahr. , and 
expanding this down to l^ lb. absolute, the value of u was 331 B.Th.U. 
If this drop of pressure occurred in a single nozzle, the theoretical speed 
of efflux would he V = 224*/331 = 4074 ft. per second, and hence to 
abstract this velocity efficiently it would be necessary to use a wheel 
with a very high bucket speed. 

For this reason it is usual to divide up the whole drop of pressure 
in a turbine over several compartments or "stages," and this leads, it 
will be found, to an increase in the " efficiency ratio " attained. 

Thus suppose as before that the steam is supplied at 170 lb. 
absolute, and at 520 deg. Fahr., exhausting at 1.5 lb. absolute. Then, 
as dready stated, the available heat is 331 B.Th.U. per pound. 
If, as with a De Laval turbine, there is one stf^e only, with a 
stage efficiency ratio of 60 per cent, only 198.6 B.Th.U. will appear as 
useful work on the shaft, the difference going to reheat the steam. 

In fact, as the diagram. Fig. 7, shows, the steam had originally a 
heat content of 1277 B.Th.U. per lb. In the case of a perfect 
turbine, out of this total energy 331 B.Th.U. would be removed in 
the form of useful work, the steam being discharged at Ij lb. 
absolute, with a heat content of 946 B.Th.U., corresponding, as the 
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dif^ram showe, to a dryoesa fraction of 83.3 per cent. That is to 
say, each pound as discharged would have entrained in it 0.167 lb. 
of condensed water. Since the actual turbine only removes 
0.60 X 331 =■ 198.6 B.Th.U. per lb., the heat content as discharged 
at Ij lb. pressure is 1277 - 198.6 = 1078.4 B.Th.U., and this, as 
indicated by J on the diagram, corresponds to a dryness fraction 
of 96.1 per cent. As dry steam at 1|- lb. pressure has a volume 
of 227.2 cub. ft. per lb., the actual volume on discharge from a 
perfect turbine would be 227.2 x 0.833 = 189.2 cub. ft. per lb. ; 
whilst in the case of a turbine with a 60 per cent efficiency ratio 
it would have a volume on discharge at the same pressure of 
227.2 X 0.961 = 218.2 cub. ft. per lb. 

Now, with the same initial conditions and final pressure, let 
the total pressure drop be divided up over four compartments. In 
the first of these the pressure falls from 170 lb. to 68 lb. per sq. in., 
whilst in the second the exhaust pressure is 24 lb., and in the third 
8 lb. absolute. Let the efficiency ratio of each compartment taken 
separately be the same as before. Then, measuring from the 
diagram, the theoretical available heat in the first compartment is 
given by the length of the line H R, which, on measurement, is 
found to be about 82.5 B.Th.TJ. The "stage" efficiency ratio being 
60 per cent., the actual heat abstracted from the steam in this 
compartment is, however, only 60 per cent, of this, or 49.5 B.Th.U. 
per lb. Hence the steam, after doing its work in the first compart- 
ment, still contains 1277 — 49.5 = 1227.5 B.Th.U. Its pressure is 
68 lb. per sq. in., and hence the actual condition of the steam is 
represented by the point S in place of the point R. In the second 
compartment the steam expands from the point S down to a 
pressure of 24 lb. per sq. in., and the heat theoretically available 
is represented by the line S T, which, on scaling, is found to be 
about 83 B.Th.U. Taking the stage efficiency ratio at 60 per cent 
as before, 83 x 0.60 = 49.8 B.Th.U. will be removed from the steam 
in this second compartment, making its heat content, after finishing 
its work there, equal to 1227.5 - 49.8 = 1177.7 B.ThU., so that its 
actual condition on discharge is represented by the point V in place 
of the point T. In the third compartment the heat theoretically 
available is equal to VW or 79 B.Th.U., but the actual condition 
of the steam as it leaves to enter the final compartment is repre- 
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sented by the point X. In the fourth compartment the theoretical 

available heat is equal to XY, or about 105.5 B.Th.U. 

Adding together the heat theoretically available in the four 

compartments, we get a total of 350.0 B.Th.U. aa the amount 

which has been available during the passage of the steam through 

the turbine, and this, it will be seen, is materially greater than 

the 331 B.Th.U. which is all that would have been available 

in a frictionless turbine working between the same initial and 

final conditions. In short, each compartment delivers the steam 

to its euccessor a little drier than it would have done had there 

been no friction. Of the 350 B.Th.U. which became actually 

available, 60 per cent., or 210 B.Th.U., were turned into 

210 
work. Hence the "total" efficiency ratio of the turbine is — = 

63.4 per cent., although each constituent stage had an individual 
efficiency ratio of 60 per cent. only. The individual efficiency ratio 
of each stage may conveniently be called the hydraulic efficiency 
of the turbine and denoted by v. It will be seen that in the case 
of a turbine consisting of more than one st^e this hydraulic efficiency 
is always less than the total "indicated" efficiency ratio. 

In the Chapter on Thermo- 
dynamic Principles the relation be- 
tween the hydraulic efficiency and the 
efficiency ratio of a turbine is worked 
out for the case in which there 
are an infinite number of compart- 
ments. 

The results are shown in the 
curves plotted in Fig. 35, where 
X denotes the ratio of the initial 
to the final pressure. It will be 
noted that after an expansion of 
one hundred-fold or so, the ratio 
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— becomes practically constant. This ratio - is known as the " re- 
heat factor," and for any turbine working with a considerable range 
of expansion, the reheat factor *; corresponding to any given value 
of c can, with all necessary precision, be taken from Table III. 
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Tablb III. 



Efficiency l| 
Batioa. li ' 



High-Pressure Condensing Turbines. Reheat Factor for Different 
" Indicated " Efficiency Ratios. 



.00 



0.5 1.1006 

0.6 jl.O802 
0.7 l!l.0613 



.03 



.02 

1.0964 |l.0942 
1.0764 il.0746 
1.0573 ji.0554 



, 1.0414 1.0394 11.0374 1.0363 



.04 1 .05 


.06 


.07 


.08 


1.0921 ll.OMO 


1.0880 


1.0861 


1.0841 


1.0727 ,1.0708 


1.0689 


1.0670 


1,0661 


1.0534 1.0514 


1.0494 


1.0474 


1.0454 


1.0333 1.0316 


1.0297 


1.0277 


1.0260 



1.0434 
1.0250 



It was shown above that when the heat available in a perfect 
turbine was 331 B.Th.U., the heat which actually becomes available 
in a four-compartment turbine with an hydraulic efficiency of 60 per 

cent, is 350 B.Th.U. The reheat factor in this case is — = 1.0575, 

331 

so that the total efficiency ratio is 0.634. With a single compart- 
ment the hydraulic efficiency is the same as the indicated efficiency 
ratio. The greater the number of compartments the greater is the 
reheat factor, but there is generally only about 2 per cent, difference 
between the reheat factor for four compartments and for an infinite 
number. 

A multi-stage turbine should be proportioned not for u units 
of available heat, but for Rm units where R is the reheat factor. 
When the number of stages or compartments is small, the pressure 
and volume of the steam at each intermediate point may be found 
by the step-by-step process which has been described above, but 
with many stages this becomes tedious, and, moreover, when each 
pressure drop is small, it is difficult to measure accurately from 
the diagram the pressure at each stage c()rresponding to a given 
expenditure of available heat. The pressure and volume of the steam 
at each st^e is then most conveniently found by means of the relation 
pV^=: constant, as is explained in detail in the Chapter dealing 
with the design of an impulse turbine. 
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CHAPTER VI. 
CORRECTION CURVES. 

IN turbine tests the actual steam pressure and vacuum are practi- 
cally never exactly those laid down in the specification, and 
for which the turbine is designed. Further, a builder may have 
the drawings and patterns for a particular turbine proportioned to 
work under stated conditions, and it may then be of the greatest 
imfK)rtance to him to know whether the same turbine will satisfactorily 
meet the requirements of a different speciBcation. 

For this purpose correction curves are employed, by means 
of which it is possible to determine, from the observed consumption 
of a turbine under actual test conditions, what its performance would 
bo if either the vacuum, the initial pressure or the superheat were 
altered. 

In this connection it is of great interest to note that superheat 
corrections are practically identical for every type of turbine, and over 
a wide range are nearly independent of the initial pressure. Further, 
the reduction in steam consumption by superheating is much greater 
than is theoretically due from the increased temperature of the steam. 
Apparently the benefit of superheat arises in the main from an 
accompanying reduction in the coefficients of steam friction, and hence 
a turbine with a high superheat will show a greater thermodynamic 
efficiency than a similar turbine supplied with steam initially dry and 
saturated. Ad increase in the vacuum also causes a reduction in the 
steam consumption per kilowatt, but in this case the gain is almost 
invariably less than that theoretically due. Moreover, the vacuum 
correction is not the same for all turbines. This is particularly the 
case where turbines have been built with a somewhat restricted steam 
way at the low-pressure end, such turbines being able to take less 
advantf^e of a good vacuum than others in which greater liberality 
has been shown in this regard. 

The steam consumption also diminishes on raising the initial 
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pressure, but to a reasonable degree of approximation the correction 
required for this can be reduced to a vacuum correction, since the 
steam consumption per kilowatt-hour of a turbine taking steam 
initially at a pressure of 90 lb. per sq. in, absolute and discharging at a 
28-in. vacuum will be very approximately the same as if the turbine 
took steam at 180 lb. per sq. in. absolute and exhausted against 
a 26-in. vacuum. In other words, if the initial and final pressures 
are increased in the same ratio, the efficiency of the turbine is almost 
unaltered, but its output is increased in the same ratio aa the 
pressures. Hence in the case taken above, the pressures being 
doubled, the output would also 
be doubled. In fact, the quan- 
tity of steam which passes 
through a turbine is directly 
proportional to the absolute 
pressure below the governor 
valve. It may also be men- 
tioned that, in the case of a 
reaction turbine, the velocity 
of inflow into the first row 
of blades is nearly constant 
at all loads, and is thus in- 
p. go dependent of the pressure below 

the governor valve, and, within 
very wide limits, is also independent of the vacuum in the condenser. 
(The weight passed is proportional to the density.) A set of 
corrections for high-pressure condensing turbines are given in Fig, 36. 
Thus, suppose that in a test the vacuum was 28^ in. instead of 
28 in., and the pressure below the governor valve was 120 lb. 
instead of 180 lb. absolute, whilst the superheat was 50 deg. instead 
of 150 deg. Then, if the consumption under the stated conditions 
was 16^ lb. per kilowatt, the consumption under the specified con- 
ditions can be obtained from the correction curves. 

Taking the pressure correction first, the consumption per kilowatt 
with 180 lb. absolute below the governor valve would be nearly the 
same as the observed consumption, provided that the back pressure 

were raised in the proportion of — . The actual vacuum was 
^ ^ 120 
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28 J in., correspooding to a back pressure of 1^ in. of mercury. Hence 

the equivalent vacuum with 180 lb, pressure will be '- = 

J^J7. supe/tHMMT coHMcnoim 
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2.25 in., equivalent to a 27^in. vacuum. The consumption with such 
a vacuum will be, as stated, equal to that actually observed — viz., 
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16.5 lb. per kilowatt. From the curves it appears that the same 

turbine, when working with no superheat but with a vacuum of 

28 in., will take 3^ per cent, more 

steam per kilowatt-hour, so that 

under these conditions the water 

rate would be 16.5 x 1.035 lb. per 

kilowatt-hour. If now, the other 

conditions remaining unchanged, 

the steam is given a superheat 

of 150 deg. Fahr., the water rate 

will be diminished by 13.8 per cent. ; 

so that the consumption will be 

' 16.5 X 1.035 
, .Qg = 15.0 lb. per kilo- 

watt-hour. 

A very valuable series of cor- 
rection curves was given by Mr. K. 
Baumann in a paper read before the 
Institution of Electrical Engineers 
at Manchester, in 1912, from which 
Figs. 37 to 42 are reproduced by 
permission of the Council. 

Another useful curve is that 
of total steam consumption. This 
is always nearly a straight line, 
so that once two points on it arc 
obtained, it is possible to deter- 
mine the consumption at any load 
with very considerable accuracy. 
With a high-pressure turbine the 
total consumption at no load is 
generally approximately equal to the full load total consumption 

15 
X — , where p is the initial absolute pressure below the governor 
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valve at full load. The 
different types of turbine. 



amount varies, however, a little with 
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CHAPTER VII. 
THE PROVISIONAL PROPORTIONING OF A STEAM TURBINE. 

EVEN where it is intended to make a thorough analysis of a 
proposed steam turbine, it is of advantage to have some simple 
method of quickly arriving at the general proportions necessary to 
attain a desired result. A number of rules permitting this to be 
done were drawn up some years since by Sir C A. Parsons and 
his associates, but though originally devised for use with the reactioa 
type of turbine, a similar method is equally applicable to all other 
varieties. 
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Fig. 43. 

The curve given in Fig. 43 shows what efficiency may be 
expected from a large steam turbine when a certain coefficient ^ is 
varied. This coefficient is given by the relation 

LioJ L 100 J ' 
where N denotes the total number of rows of moving blades, d the 
diameter in inches of the blade path, and R.P.M. the revolutions per 
minute. Thus a turbine consisting of nine wheels, 40 in. in diameter, 
run at 3000 revolutions per minute, will have the same efficiency as 
one consisting of eight wheels, 60 in. in diameter, run at 2120 revo- 
lutions per minute, since the value of x is the same for both — 
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viz., 129,600. The efficiency given l>y the curve requiras correction 
if the conditions are in any way abnormal. For example, in turbines 
of small output the losses by fan action, leakage, &c., are very high 
proportionately to the useful work done. Thus the point marked R 
on the diagram refers to a turbine of 150 kw. output, and, as 
will be seen, the efficiency is much below the normal. Again, 
if the attempt is made to combine a very large output with a high 
speed of revolution, there is (with a good vacuum) a difficulty in 
getting sufficient steam way at the last stf^e. The residual velocity 
of the steam as finally discharged may therefore be high, and the 
corresponding loss by "carry-over" may be a material fraction of the 
total available energy supplied to the turbine. Such cases require 
special treatment; but even then Fig. 43 is usefiil, as it still gives, 
with all necessary accuracy, efficiency ratios which are relatively 
correct. 

Suppose, for example, that in an actual turbine the efficiency 
ratio obtained with the above value of x is only 64 per cent, 
instead of 70.5 per cent. Let the by-pass be opened, short-circuiting 
one-sixth of the turbine, and thus reducing the effective value of \ 
to 108,000. From the curve the corresponding value of the efficiency 
ratio is about 69 per cent., then the actual efficiency ratio with the 

by-pass opened will be, approximately, = 62.6 per cent. 

Under the standard conditions for which the diagram is drawn an 
ideal turbine would require 10.67 lb. of steam per kilowatt-hour, and 
if e denote the efficiency ratio read from Fig. 43, the actual con- 
sumption per shaft kilowatt-hour will be, approximately, — - — To 

get the consumption per kilowatt-hour measured at the switchboard, 
this figure must be divided by the generator efficiency. 

The value chosen for x is mainly fixed by commercial con- 
siderations. The higher the value of this coefficient the more costly 
the turbine, but this increase in cost is far from being proportional to 
the increase of the coefficient. The valves, governor, steam chest, &c., 
are the same, whatever the value of x. Hence an increase of 50 per 
cent, in this coefficient generally means much less than a 50 per cent, 
increase in the cost of the turbine. The value to be adopted is, 
moreover, dependent on the design of the turbine. For a turbine 
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having two velocity stages per compartment, the value of \ should 
not exceed about 100,000 as a maximum, even in the case of large 
machines, unless both superheat and vacuum are abnormally high. 
With simple impulse turbines the value of x may reach about 180,000 
to 190,000 before the eflSciency begins to diminish, and with the 
reaction type the limit is still higher. With given initial and final 
conditions, the choosing of a value for >. is, in effect, the same as 

fixing a value for the ratio E — ,. As was shown in 

steam speed 

Chapter IV., for simple impulse turbines the best value for this 
ratio is commonly between 0.4 and 0.5, and, with the limits of 
steam pressure, superheat, and vacuum usual in power-station 
practice, a ratio of about 0.47 corresponds to a value of X = 190,000. 
For reaction turbines, the ratio of blade speed to steam speed giving 
the highest diagram efficiency is about 0.9, which corresponds in 
ordinary power-station practice to a value of X = 350,000 or so. 
So high a figure as this has never yet been reached, and, in view 
of the very flat character of the efficiency curve, it may be doubted 
whether the brake efficiency, as distinct from the indicated, would 
not reach its maximum value with a much lower value of x. The 
Ljungstrom turbine, for which a point is plotted in Fig. 43, has 
the highest value of \ realised up to date; the ratio of blade speed 
to steam speed being rather over 0.7. With extremes of pressure 
and vacuum the above limits for x may be a little raised, but it is 
not often, if ever, practicable to take full advantage of very high 
vacua. 

The point on the curve, Fig. 43, marked B, was obtained with 
a 1500-kw. reaction turbine, but in this case, unquestionably, the 
clearances had been kept smaller than was desirable, and a strip 
occurred after some months running. The point marked J has 
reference to a machine rated at 6000 kw., whilst the point E cor- 
responds to the famous Elberfeld turbine, and is a remarkable 
result to be obtained with so small a machine. The other points 
plotted for reaction turbines have been reduced from the progressive 
trials of a very large and very efficient marine turbine. The highest 
two points plotted from results obtained with impulse turbines refer to 
units, each rated at about 6000 kw. The point R, on the other hand, 
represents the results obtained with a 150-kw. unit of an early pattern 
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having rather lai^e losses. The velocity-compounded machine with 
the higher value of \ was rated at about 4000 kw. The point with a 
coefficient of about 53,000 is a 400-kw. machine. 

It should, perhaps, bo noted here that all the points plotted 
for reaction turbines were obtained with machines having blades 
of the Parsons standard type. Where foundation rings are adopted, 
involving the use of blades of distorted forms, and the production 
of eddies by the projecting portions of the foundation rings, lower 
efficiencies must be expected. 

By means of the correction curves given in the preceding 
Chapter, any conditions specified as to the initial pressure, super- 
heat, or vacuum, can be reduced to the standard adopted for Fig. 43. 
Thus, supposing the data given are steam pressure 185 lb. absolute 
below the governor valve, superheat 150 deg. Fahr., and vacuum 
28 in., the output of the turbine to be 2000 kw. measured at the 
switchboard, the generator efficiency being 95 per cent., and the 
revolutions 1500 or 3000 per minute, the general proportions of 
the turbine can still be got out as if the conditions were the same 
as those for which the curve in Fig. 43 has been drawn. 

Suppose the turbine is, in the first instance, to be of the 
compartment-compounded impulse type, and that the speed adopted 
is 3000 revolutions per minute. A reference to Fig. 43 shows that 
with X = 100,000 an efficiency ratio (reckoned at the turbine shaft) 
of about 67^ per cent, may be expected. The coefficient is often 
higher for an impulse turbine of this output, but will serve for 
the purpose of illustration. We have then 

BO that 

"(,')'-">■'■ 

In order to minimise losses tiirough excessive speed of the 
steam at final discharge to the exhaust, (P should not, with a 28-in. 
vacuum, be less, as a minimum, than 0.57 x output in kilowatts, so 
that the least value of cP is 1 140. Hence, with a speed of 3000 revo- 
lutions per minute, the maximum value of N desirable is about 10. 

On the other band, if convergent nozzles are to be used, the 
velocity of efflux must not exceed some 1500 ft. to 1700 ft. per 
second as a maximum, corresponding to a heat drop, per compart- 
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ment, of 45 to 58 B.Th.U. Allowing for the reheat factor, the 
total heat which becomes available whilst the steam expands from 
the initial to the final conditions will generally be somewhere about 
360 to 380 B.Th.U. Hence the value of N cannot, so long as we 
are restricted to convergent nozzles, be less than 7. It may be 
noted in passing that it is this condition, rather than the centri- 
fugal stresses, which may limit the size of a compartment-com- 
pounded turbine which can be built to run at 3000 revolutions per 
minute. 

With a given coefficient x, the fixing of the value of N, gives at 
onoe the value of d. The smaller N the larger d must be. As it is 
advantageous to reduce the number of separate parts and to shorten 
the turbine as much as possible, it is natural to take N at its 
minimum value, but in some cases this course is debarred by the 
difficulty or cost of obtaining large discs. This limitation, however, 
does not apply in the present instance, and hence, taking N as 7, 

got 

: 15.87, 



K]' 



so that d = iO in. nearly. Hence the make up of the turbine 
would consist of seven wheels 40 in. in diameter. Its consumption 
per shaft kilowatt hour, under the conditions specified for Fig. 43, 

will be about ^^ = 15.80 lb. 
0.675 

From the correction curves given in Chapter VI. it will appear 
that raising the initial pressure to 185 lb. will diminish this consump- 
tion by 2 per cent., whilst the superheat of 150 deg. Fahr. wiU give 
a further reduction of about 15 per cent. Hence the consumption 
per shaft kilowatt for the conditions originally specified will be 

somewhere about — : — = 13.5 lb. nearly. 
1.17 ■' 

Let us take now the case of a reaction turbine of the same 

output to be supplied with dry steam at 165 lb. per sq. in. below 

the governor valve, and to exhaust at 28 in. vacuum. Taking \ at 

100,000, as before, the curve, Fig. 43, gives about 67^ per cent as 

the approximate efficiency ratio, so that the oonsumption per shaft 

kilowatt will be ' = 15.80 lb. per hour, which could, of course, 

be reduced by superheating. Taking the output of the turbine as 
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2000 shaft kilowatts, the weight w of steam passing per second 

■„ , 2000 X 15.80 „ I. J 1 

will be = 9 lb. per second nearly. 

3600 ^ •' 

In the case of an impulse turbine there is, as already stated, 
a lower limit to the mean diameter d of the blading at the low- 
pressure end. Kxactly the same limitation applies to reaction tur- 
bines, and (P should in no case be less than 0.57 x output in kilowatts. 
Where a very high vacuum is anticipated, d^ is often made equal to 
the output in kilowatts, or in the case of a machine with a double- 
flow low-pressure end, cT may be 0.5 of the above values. 

The reaction turbine is subject to another limit to the diameter 
of drum it is desirable to use, this limit applying to the high- 
pressure end. In the case of land turbines it is found advisable to 
limit the blade height to not less than ^gth of the drum diameter. 
If the blades are shorter than this the loss by tip leakage may 
become excessive. In marine practice the ratio of blade height to 
drum diameter may, however, be as little as T^th, but there is, of 
courae, a corresponding sacrifice of eflBciency. 

The above limit for land turbines leads to the rule that d,, the 
drum diameter at the first row of blades, shall not be less than is 
given by the following equation : — 

,, ^ 1300 w> V, Jx 
'^ B.P.M. 

Here tv has been found above to be 9 lb. per second, V^ is 
the specific volume of the steam at the initial pressure of 165 lb. per 
sq. in., and R. P. M. stands for the revolutions made per minute. 

Take R.P.M. as 1500 and we get 

d,' _ ]^ .9.x 2.76 X V100.000. 
^ 1500 ^ ' 

whence d^ = 18.92, which is the largest drum diameter it is desirable 
to use. If we take dy as 18 in., we can find the number of moving 
rows of blades by applying the formula 



-•[fslLw]'™. 



►,000. 



Thus N = 136, which is the number of moving rows which 
would be required if the drum were made 18 in. in diameter through- 
out. As already mentioned, however, the size of the low-pressure 
end must not be smaller than a certain limit. Hence it is usual 
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to construct the drum of a reaction turbine in three diameters, 
constituting a high-pressure, an intermediate, and a low-pressure 
section of the turbine. Of these the high-pressure and inter- 
mediate sections each do one-fourth of the total work, and the 
low-pressure section the rest. 

The blading of the turbine is often divided up into twelve 
groups, the blade height in each group being made equal to that 
of the preceding multiplied by \/2. (This is a purely empirical 
rule.) Hence the number N should be divisible by 12, which 136 
is not, and N may therefore be increased to 144, slightly raising 
the value of x. As the high-pressure end is to do one-fourth the 
total work, it will carry three groups, each comprising twelve rows 
of moving blades. The drum diameter for the intermediate section 
is made ,^/2 times that of the high-preasure section, or, say, 25^ in. 
It also carries three groups of blades, but the number per group 

(see page 58) is ( — ,--) = i, as many as on the high-pressure drum, 

thus there will be six instead of twelve moving rows per group. 
Finally, the low-pressure drum is made \/2 times the diameter of 
the, intermediate drum ; doing twice the work, it has six in place 
of three groups of blades, but the diameter being double that of the 
high-pressure drum, there are only one-fourth the number of blades 
per group, that is, three instead of twelve. 

Since the blade heights from group to group increase in the 
ratio of -Ji to 1, the whole make up of the turbine is settled, once the 
height of the first row of blades is fixed. 

Experience shows that the speed of inflow into the first row of 
a reaction turbine of ordinary design is given approximately by the 

semi-empirical relation v^ = j'^, where N denotes the number of 

rows of moving blades. 

2670 
Hence Vq ~ — ,^= = 222,5 ft per second. 

Some 7 to 8 per cent, of the total steam admitted to the 
turbine may be expected to pass through the high-pressure dummy, 
and thus the weight which actually flows through the high-pressure 
section of the turbine may be taken to be 8.39 lb. per second, a 
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quantity which may be denoted by w,. Allowing for the clearance 
over the blade tips, the area, through the blading, available for flow 
may be taken as approximately ooe-third the annuluB comprised 
between the drum and the casing. This area, which we may 
call n, is accordingly equal to 

. A . (rf, + A) A ■ (<f, + A) 
ll4~ ■ " I37.5~ 



i- 



. sq. ft. 



The volume passing per second is n v 
the specific volume of the steam. 
Hence 

. 137.5 . w, V„ 



i Vo where V,, denotes 



Putting lOi = 8.39, 
we get 

A 



r.K + A) 
Vo = 2.757; Vo = 222.5, and t£, = 18 



137.5 X 8.39 x 2.7 57 _ 14^2 
222.5(18 + A) " 18 + A' 

h being small in comparison with 18 in., its value is most easily 
found by approximation. 

Thus an approximate value of ^ is - 



14.32 



18 
whence h = 



= 0.796, a nearer value 



0.762 in. 



is now got by putting h = 

^ •' *^ ^ 18 + 0.796 

Electric-lighting turbines have usually to be capable of taking 

an overload, and a by-pass is accordingly provided round the first 

group. In order to maintain end balance, when the by-pass is in 

action, the mean diameter of the first group should be the same as 

that of the next, and it is usual, therefore, to swell up the drum 

at the first group (see description of Brush Turbine in a later 

Chapter). Hence in the present case the drum diameter at the 

first group may be increased to 18^ in., and the make up of the 

high-pressure section of the turbine will then be as follows : — 



Gionp number 


1 


2 


3 




18J 


18 


18 


Number of moving rows per group 


12 


12 


12 




} 


i» 72 


i x2 


Actua]bladeheight,inchee 


i 


1 


11 



If the high-pressure section had had four instead of three 
groups, so as to do one-third instead of one-fourth the total work, 
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this fourth group would have had a blade height of | x 2 ^^2 = 2 in. 
nearly. Actually this group is transferred to the intermediate 
section, where a given length of blade will give approximately y/2 
times as much steam way. As at the same time there are only 
half as many blades per group, the velocity of the steam will be 
^2 as great as in the case of the high-pressure section. Hence a 
given blade height on the intermediate section will pass twice as much 
steam as it would on the high-pressure section, and since a fourth 
group on the latter would have a blade height of 2 in., the group 
which replaces this should have a blade height of 2 x ^ = 1 in. 
Hence the make up of the intermediate section will be : — 



Group number 


4 


5 


6 


Dium diameter, iuches 


M 


254 


25j 


Number ofmoviug blades iwrgroup 


6 


6 


6 


Calculatetl blade height, inches 


1 


1 X J2 


1 X 2 


Actual blade height, inches 


1 


H 


2 



Blade heights are taken to the nearest ^ in., as it is found 
that there is no material advantage in adjusting them mpre 6nely. 

In an exactly similar way the height of the first group on the 
low-pressure section is one half that of a hypothetical fourth group 
on the intermediate section which it replaces. The latter would 
have a height equal to 3 in., and thus the make-up of the blading 
for the low-pressure section will be as follows : — 



Group uumbei- 


7 


8 


9 


10 


11 


12 


Drum diameter, inchea 


36 


36 1 


36 


36 


36 


36 


Number of moving rowa per group 


3 


3 


3 


3 


3 


3 


Blade height, inches 


U 


2* 1 


3 


Hi 


6 


6* 



• Semi-wing aiid wiug bludes. 

The above method of arriving at the general proportions of a 
reaction turbine to give a specified output and steam consumption 
it will be seen is exceedingly simple, but in spite of that, so long 
as standard practice is followed, it gives results on which it is 
difficult to improve much by the most elaborate analysis. 

The semi-wing blade used in Group 12 is merely a normal 
blade, set so that the steam way between a pair of adjacent blades 
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is half the pitch. Its use could be avoided by making the drum 
in four diameters instead of three. A detailed study of the work 
done in each group of the above turbine is given in a succeeding 
Chapter. 

The method of proportioning above described, can also be adopted 
for proportioning marine turbines, and is exceedingly convenient in 
getting out and comparing preliminary designs. Generally, however, 
the clearances over blade tips are proportionately considerably larger 
than in land practice, and this reduces the efficiency. In the example 
above taken the blading was divided up into twelve groups, the blade 
height from group to group increasing in the ratio of ^^ to 1. 
An alternative method also largely adopted is to divide up the 
blading into sixteen groups, increasing in the ratio of /^/2^to 1. In 
cases as few as eight groups have been adopted, the blade height 
ratio being then made equal to ^4, but this involves some sacrifice 
of efficiency. 

It is quite possible to apply the curves of Fig. 43 for getting 
out the general proportions of what is known as a disc-and-drum 
machine. In such machines about one-third the total work is 
accomplished in the first stage, which is fitted with a velocity- 
compounded wheel having two rows of blades, whilst the rest of the 
turbine is constructed on the reaction principle, and does two-thirds 
of the total work. 

Suppose, as before, that A. is 100,000, but that the speed is 
to be 3000 revolutions per minute. If the machine were wholly 
built on the velocity-compounded system, it would consist of three 
compartments, each having a wheel with two rows of moving buckets, 
so that N = 6. Hence we get 

Whence 

/rfy^ 100,000 _ 
\ 10 / 6 X 900 
or rf = 43 in. nearly. 

Thus the high-pressure end of the proposed turbine would consist 
of one velocity-compounded wheel, 43 in. in mean diameter. 

Coming to the reaction end, it has to be noted that with a 
large output and a speed of 3000 revolutions per minute, the diameter 
of the low-pressure end becomes the controlling factor. The mean 
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diameter d of the last row of blading must not be less than is given 
by the relation d^ = 0.57 x output in kilowatts = 1140. 

Whence d = 34 in. nearly. The largest blade length that can 
be used is one-fifth the mean diameter, so that the drum diameter 
may be taken to be 27 in. 

To find the number of moving rows in the turbine, if it were 
wholly a reaction machine, we have 



Fifteen rows will not divide up into twelve groups, but sixteen 
will into sixteen, there being then one moving row in each group. 
Hence N . may be taken as sixteen instead of fifteen, and the 
blade heights will then increase in the ratio of ^2 to 1. 

The coefficient \ being nearly the same as before, the weight of 
steam passed per second will also be nearly the same, viz., 9 lb. 
per second. There is, however, now no high-pressure dummy, so 
that the weight actually passing through the blading may be taken 
as 8.82 lb. per second, the residue passing direct to the exhaust 
through the balancing dummy. 

Considering the turbine still to be wholly a reaction one, the 
velocity Vq of steam into the first row of blades will be, 
approximately, 

?^ - 667.6 ft per second. 
■Jl6 
From the equation (8) we have for the theoretical blade height 

here 

, 137.B w, Y, I3T.P X 8.82 x 2.757 
I^,(rf + A) ■ 667.5 (d + A). 
. 4.94 
■■*°2fTA 
or A - 0.182, say ,<>, in. 

This is, of course, merely what the blade height would have 
been at the first row if the whole turbine were a reaction drum 
with sixteen rows of moving blades. Actually, however, the firat 
five rows will be replaced by the velocity-compounded wheel, but 
from the value of h found we can get the blade heights throughout, 
simply by multiplying in succession by s/2 = 1.259. 
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We thus get the following table :■ 





Blade Height. 


Group Number. 












CJoulated. 


Actual. 




inches. 


inchee. 


1 


A 


— 


3 


0.246 


— 




0.297 


— 




5 


— 




0.472 


— 




0.596 


1 




i 


i 




0.945 


ii 




1.189 


i,V 




1! 


ij 




1.887 


ij 




2.38 


23 




3 


3 




3.78 


3| 




4.77 


»f 


16 


6 


6 



The reaction part of the turbine will thus commence at 
Stage 6. The tip speed at the last row of blades is 510 ft. per 
second, which is nearly the highest yet used with reaction blading. 
A blade height of f in. on a drum 27 in. in diameter is rather 
small, but still smaller proportions of blade height to diameter are 
common in marine practice. An alternative in the present case 
would be to transfer Groups Nos. 6, 7, and 8 to a smaller diameter 
of drum. If the latter be made equal to 27 -^ is/2 = 19 in., then 
each of these groups will contain two rows of moving blades instead 
of one. By this transference the blade height for Group 8 will be 
doubled, since the mean circumference is decreased approximately in 
the ratio of 1 to ^'2, and at the same time the number of rows 
per group being doubled, the steam speed will be diminished also 
in the ratio of 1 to v^2. Hence this group, after transference to 
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the smaller diameter, will have a calculated blade height equal to 
0.945 X 2 = 1.890 in. 

The make-up of the 19-in. section of the drum will now be : — 



Group number 

Number of moving rows per group. . 
Calculated blade height, inches 
Actual blade height, inches 




15 



Fig. 43 can also be used for getting out the general proportions 
of exhaust-steam turbines, the number of rows given by the formula 

MO/ V 100 / 

being halved as exhaust steam has less energy per pound. 

In the foregoing, three alternative designs for turbines of the 
same output have had their princiiml dimensions fixed by simple 
practical rules. In succeeding Chapters methods of analysing them 
in detail from the standpoint of hydraulics and thermodynamics 
will be discussed. 

In the case of marine turbines it is often necessary to use 
a low coefficient, so as to save weight and length. At the same 
time, and for the same reason, the diameter at the high-pressure 
end has to be made much greater than is usual with land turbines, 
and this implies a considerable loss by leakage over blade tips. 
The area of the annulus between the casing and the drum at the 
low-pressure end should not be less than about 2 sq. ft. per 1000 
shaft horse-power, but there is generally no difficulty in satisfying 
this limit. 

An empirical rule for the drum diameter in inches at the high- 
pressure end is 

d =■ 2.26 Vehaft horae-power, 

where "shaft horse-power" denotes the total horse-power developed 
in the whole series of turbines by that steam which has passed into 
the one high-pressure turbine. 

This rule gives results in fair i^eement with general practice. 
A smaller value of d would reduce the loss by leakage over blade 
tips, but would increase the length of the turbine. The low- 
pressure drum is made equal to d V 2. On the three-shaft arrange- 
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ment the high-pressure turbine is designed to develop about one-third 
the total work, aad carries, therefore, one-third the total number 
of groups. With the four-shaft arrangement each high-pressure 
turbine exhausts into one low-pressure turbine only, and the number 
of groups is generally, though not always, equally divided between 
the two. 

Thus, suppose it is required to develop 8000 shaft horse-power 
at 465 revolutions per minute, with a coefficient of about 65,000, then 

d = 2.25 V"8000 = 46 in. 

We have 

"Q'Q'- «»•«««■ 

Whence N" = 148. If there are, as usual, twelve groups, N should 
be a multiple of 12, or say N = 144. 

From Fig. 43 the efficiency will be about 0.61 that of a perfect 
turbine. The latter, in the conditions for which Fig. 43 is drawn, 
would require 8 lb. per brake horse-power per hour. Hence the 

actual steam consumption will be, approximately, —-— = 13.1 lb. 

per brake horse-power per hour for an initial pressure of 165 
absolute. If the initial pressure be 175 absolute, the consumption 
will be approximately about 13 lb. per shaft horse-power per hour, 
which is equivalent to a weight of about 29 lb. per second. This 
figure will really be exceeded, owing to the large drum diameter 
leading to large losses by leakage over blade tips. To allow for 
this it may be assumed that this is not the total weight of steam 
but that which passes through the high-pressure blading, in addition 
to which there is, of course, a flow through the high-pressure dummy. 
Hence from equation (8) we get the blade height at the first group 

jj ^ 137.6 X 29 X 2.61 ^ 46.76 
222.5 (d + A) " " 45 + A 
whence h = 1 in. very nearly. 

It is usual, in such an installation, for the turbine equipment to 
consist of one high-pressure turbine on a centre shaft discharging 
into two low-pressure turbines on wing shafts, the former having 
four groups of blades with heights increasing from group to group 
in the ratio of \/2 to 1 ; whilst the low-pressure turbines each con- 
sist of eight groups with the same height ratio {apart from the 
wing blades), and in this case the blade height at the entrance to 
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each of the two low-pressure turbines is the same as it is for the 
first group of the high-pressure turbine, since the drum diameters 
are also increased in the ratio of sj^ to 1. 

The blading of the high-presaure turbine will thus consist of 
four groups of twenty-four rows each (half fixed and half moving), 
with blade heights as follow : — 



Group niunber ... 
Blade height, in inches 



1| 



2* 



The low-pressure turbines will have a drum diameter equal to 
45 in. X 1.41 = 63.6 in., say 64 in., and would consist of eight 
groups of twelve rows each (including both fixed and moving blades), 
since the number of rows in equivalent groups should be inversely 
proportional to the square of the blade speeds. 

The make-up of each of the two low-pressure turbines would 
thus be as follows : — 



Group mi mber 
Blade height, inches 



The last two groups would, of course, consist of semi-wing 
and wing blades. 
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CHAPTER VIII. 

THE DESIGN OF AN IMPULSE TURBINE. 

IT was shown in the preceding Chapter that an impulse turbine 
of 2000 kw. output and conaisting of seven wheels, each 40 in. 
in mean diameter, running at 3000 revolutions per minute, would, 
with an initial steam pressure of 185 lb. per sq. in. absolute and 
with 150 deg. superheat (below the governor-valve) and a vacuum 
of 28 in., have a steam consumption of approximately 13.5. lb. per 
kilowatt-hour measured at the turbine shaft. 

It now remains to fix the proportions of the blading. 
With a 28-in. vacuum the area of the complete annulus at the 
last row of the blades should not be less than about 2.5 sq. ft. 
per 1000 kw., and in many cases as much as 4 sq. fi is allowed, 
which makes it possible to utilise efficiently still higher vacua. The 
rule that 2.5 sq. ft. should be allowed per 1000 kw. is equivalent 
to that already given In a previous Chapter, viz., that cP should 
he greater than 0.57 x output in kilowatts, and that the length of 
d 
5' 

From the Mollier diagram, Fig. 7, ante, we find that, for- 
the assumed conditions, the available heat u = 359 6.Th.U., so 

that the theoretical consumption is — — = 9.504 lb. per shaft-kilowatt 

hour. The data from which Fig. 43, page 50, was plotted were derived 
in the main from turbines of large size, in which the losses by 
gland leakage, bearing friction, &c., were probably of the order of 
3 per cent. Thus the steam rate of the proposed turbine per 
"indicated" kilowatt, if of the same "mechanical" efficiency, will 
be about 13.5 x 0.97 = 13.10 lb. per indicated kilowatt-hour. 

Hence the indicated efficiency ratio is -^ — - = 72.6 per cent., 

which, from the table of reheat factors, given on p^e 45, will 

correspond to an hydraulic efficiency of r-^^ = 68.7 per cent,. 
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and the total heat units which become available as the steam passes 
through the turbine will thus be 359 x 1.056 = 382 B.Th.U., 

equivalent to a heat drop per compartment of -_ = 54.6 B.Th.U. 

Hence the theoretical velocity of efflux will be about 1655 fl. per 
second. This is, of course, above the critical value for non-super- 
heated steam, but Rateau has shown by a series of direct 
experiments that a slight amount of under expansion in a guide 
blade is, if anything, beneficial to bucket efficiency, though a large 
amount of under expansion is bad. His results, which were obtained 
by directing a jet of steam into a Pelton-type bucket, on which 
the consequent thrust could be 
measured, are plotted in Fig. 44. 
In the case of curve A, at all 
points to the left of M, the 
dischai^e end of the nozzle was 

too large, and there was a great Fig. 44. Rateau'a Experimenta. 

loss of efficiency. At all points to the right of M, on the other 
hand, the discharge area was ioo small, with consequent under 
expansion. It will be seen that this under expansion has to be 
large before there is any serious diminution in the efficiency. The 
curve B was obtained with another nozzle. In this case the dis- 
charge end was too large for all points to the left of N. 

From Christlein's curves. Fig. 13, the actual velocity of efflux will 
be about 0.94 of the theoretical, so that the guide-blade efficiency is 
about 0.88. The bucket speed is 523.6 ft. per second, and the actual 
steam speed is 0.94 x 1655 = 1552 ft. per second, so that the ratio 

of blade speed to steam speed is '— = 0.338. From the tables, 

page 35, ante, this, with a bucket angle at discharge of 25 deg., 
will correspond to a bucket efficiency of about 0.717. Hence the 
stage efficiency is 0.88 x 0.715 = 0.63. This, however, corresponds 
to the condition of non-superheated steam and from the curve in 
Fig. 37, 150 deg. superheat will increase the average stage efficiency 
by 5:3 per cent. Hence the stage efficiency found in this way is 
66.6 per cent, as against the 68.7 per cent, deduced from Fig. 43. 
Where a curve such as Fig. 43 is plotted entirely from results 
of 'tests of" a series of tiirbines of a particular type, the stage 
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efficiency deduced from this curve by means of the reheat factor 
will be more accurate than when it is obtained by estimating the 
turbine efficiency from the assumed efficiencies of the nozzles 
and buckets. Data as to turbine performances .are, in fact, 
generally more readily obtainable than results of really trust- 
worthy experiments on guide blades and bucket friction. In 
the present case, however, Fig. 43 has been plotted mostly froni 
results obtained with reaction turbines, those from other types 
being fewer in number, so that the lower value found for the stage 
efficiency is as likely to be accurate as the higher. Taking a mean 

value gives »? = — - — — - — '— = 67.6. The corresponding " indicated " 

efficiency ratio is from the curves. Fig. 35, about 71.8. The corrected 
consumption per indicated kilowatt-hour will be about 13.25 lb. 
A 2000-kw. unit of the compartment-compounded impulse type will 
have rather higher internal losses than the larger turbines, from 
which Fig. 43 was derived, say 4 per cent, instead of 3 per cent, 
so that the consumption per shaft kilowatt-hour, as finally corrected, 

will be about H:^ = 13.8 lb. 
0.96 

It remains to settle the proportions of the guide blades, and 
for that we need the total consumption of the turbine per hour. 
If the 2000 kw. is to be obtained at the switchboard more will be 
required at the shaft. Taking the generator efficiency as 95 per 
cent., the shaft kilowatts will be 2100, or say 2250, so as to allow 
a margin above the rated load. The total weight of steam passing 
the turbine is then 2250 x 13.8 = 31,050 lb. per hour or 8.625, 
say 8.63 lb. per second. The steam in its initial state has a pressure 
of 185 lb. absolute and a specific volume of 2.770 cub. ft. per lb. 

The volume of the steam at exhaust can easily be found from 
the MoUier dii^rara in the manner explained in Chapter V., since we 
know the indicated efficiency ratio. We thus find that the dryness 
fraction at exhaust is about 91 per cent., giving a specific volume of 
340 X 0.91 = 309.4 cub. ft. per lb. Strictly speaking, this is the 
volume of the steam as it leaves the buckets, the friction in which 
reheats it a little. This latter fact could readily be taken into account, 
but such a refinement is unnecessary. Hence we may take it that 
the last row of guide blades must be equal to passing 309.4 x 8.68 
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cub. ft. of steam at a speed of 1552 ft. per second. Hence if ft 
be the area through these guide blades in square feet we have 

1682 . O = 309.4 x 8.63, 
"*" n = 1.7206 aq. ft. 

l"hen if d denote the mean diameter in inches, h the length of 
the guide blades, a the angle of discharge, and F the thickness 
factor (see page 22) f . «■ . rf . A . ain « 



U4 
Taking F as 0.93, (2 as 40 in., and a as 20 < 

144 X 1.7206 _«o«.:„ 



we get 



0.93 X ■■ X 40 X 0.3420 

The height required at the other stages is proportional to the 
specific volume of the steam there. 

With only seven compartments it is quite possible to work out 
from the MolHer diagram the pressure and volume of the steam 
in each compartment step by step, as explained on page 43, 
Chapter V., ante ; but an alternative method will be used here, as 
it will also be applicable however numerous the stages. 

It is based on the closely approximate relation p„ V/ = p V*. In 
this case p,, = 185, p, = 0.980 lb. absolute, Vo = 2.770, and V, = 309.4 
cub. ft. per lb. Hence 

logPo -logp. ^1.1114. 
log V, - log V. 

If V„ denote the specific volume in compartment n, and j^n the 
pressure there, we have V„ = p„ . Vo and p„ = ^. 



Putting A„ 



, it is easy to show,* if the same amount of 



' If the energy accounted for in each Btage i^ to Le the aaine we must hitva 
144 — -, (p.-iV,.| - p.V„) — constant. 



Hence 


p.v.-p,v,-,,v, -,.v, 




-ftV, -p.V.,a 


But 


f,V, . A,p.V,;f,V, .A,ftY, 


and 


ftV, . A.y,V.;uid.oon. 


Thu8 we get 


P.V.(l-A,).f,V.(A, -A.), 


80 that 


2 A, - 1 = A,. 


Similarly 


;^V.(1 - A,)~ftV,(A, - A.) 


which gives 


3 A, - 2 = A, 


and generally 


nA, - n + 1 - A,. 



Q. E. D. 
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work IB done in each compartment, that 

A. - B A, - n + 1. 

We have in the present case 

/>, 309.4^ 0.980 „.„,,, 



Hence 
and 



Since 



"A, - 6 = 0.59170 

A, = 0.94167 

A, = 2A, - 1 = 0.88334 

A, - 3 A, - 2 = 0.82501 

Aj = 4 A, - 3 = 0.76668 

A, = 5 A, - 4 - 0.70836 

A. - 6 A, - 5 = 0.65003. 



/= ., A = ^- = (A) , wheuce p - [^ > ' ' or log p =^.-\._ . log |. 

The calculation then proceeds as shown in Table lY. 

Tabu IV,— THKowmcAi. Bladb HaiOBTS for Impulbr Titrbink. 



stage Number. 1 


2 


3 


4 


5 


6 


7 


Log A iT.9739 


r.9461 


1 , 
1.9165 r.8846| 1.8503 


18129 — 


Log X 10.0261 


0.0539 


0.0836 


0.1154 


0.1497 


0.1871 , — 


^'-O-lTIT "« A 


0.2343 


0.4839 


0.7496 


1.0360 


1.3440 


1.6796 


LogV -logp + logV, 


0.6768 


0.9264 


1.1920 


1.4785 


1.7865 


2.1221 


— 


V ...cub. ft per lb. 


4.751 


8.441 


16.56 


30.09 


61.16 


132.5 


309.2 


TheoretioJ blade height 

-M^. ... ... 
















0.09526 


0.1693 


0.3120 


0.6053 


1.226 


2.005 


6.2 



It will be obvious that in the first three st^es the wheels 
must work >vith partial admission so as to avoid absurdly small 
blade heights. If, therefore, the blade height in these three com- 
partments is taken as j^ in,, then the s^ment covered by the 
guide blades will be 0.19 of the complete circumference in the case 
of Sta^ 1, 0.34 of the circumference in Stage 2, and 0.624 of the 
circumference in Stage 3. A smaller discharge angle than 20 deg. 
is often adopted in these partial admission stages. Thus, if the 
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discharge angle be made 16 deg. instead of 20 deg., the proportion 
of the whole circmnference covered will be increased in the ratio 
n sin 20 deg. 
sin 16 deg. 

For the last four compartments the blades may be taken to 
the nearest j'and, though this is a finer adjustment than is really 
necessary, a considerable departure from the calculated values 
having but little effect on the efficiency. 

For some purposes it is desirable to know the pressure in 
each compartment. This is now easily found, since we have 

A = ^ or X = 4 J O'lid and A are both known. Hence we get — 
X A a - 



Stage number 

p = c? lb. per sq. iii. 



101.6 53.75 



I 



In order to keep down disc friction and minimise fan action 
the clearance between the wheels and the diaphragms should be 
reduced to a minimum. It is also a good plan to shape the entrance 
to the guide blades so as to receive, at a favourable angle, the steam 
discharged from the preceding wheel. In this way some 40 to 50 
per cent, of the "carry-over" from the wheel is usefully utilised 
in promoting flow through the guide blades. For an example of 
this method of shaping the guide blades, the drawings of the 
Westinghouse-Rateau turbine, reproduced in another Chapter, may 
be referred to. 

It is particularly desirable to adopt this procedure when, as 
is often the case, the total supply of energy is unequally divided 
between the several stages. A particularly large "heat drop" is 
often allowed in Stage No. 1, so as to keep down the pressure in 
the first compartment, thus minimising leak^e losses and disc 
friction, which are directly, proportional to the density of the steam. 

Suppose for example that the pressure in the first stage is 
75 lb. instead of 101.6 lb., then, from the MoUier diagram, the heat 
accounted for in this compartment will be 81 B.Th.U., leaving 
294 B.Th.U. to be equally divided amongst the remainder. The 
theoretical velocity of efflux at the first stage wouW be 20 16, which 
would be too large for a non-divergent nozzle unless the ■ steam 
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had it3 full superheat. The ratio of blade speed to steam speed 
here will, of course, be reduced to au uneconomical value, but a 
certain proportion of the loss by carry-over can be recuperated by 
suitably shaping the guide blades in the first diaphragm, so that 
the over-all efficiency will be much the same as before. Hence 
the relation of pressure and volume may be taken as before, viz., 
p V'^'" = constant. To determine the values of V in compartments 
2, 3, 4, &c., we find V^ from the above equation, and we then have 



A. = 2 A, - 1 . A, = 3 A, - 2, 

and so on, from which the corresponding values of p^, p,, &c., can 
be determined as before. 

Referring back to the case in which the energy is equally 
shared amongst all seven compartments, suppose a by-pass is fitted 
to take an overload by short circuiting the first wheel. The weight 
of steam paased will be increased in the same ratio as the pressure 

in this first compartment, that is to say, in the ratio -- — - . At 

the same time, however, the effective value of the coefficient x will 
be diminished from 100,000 to about 86,000. Hence, from Fig, 43, 
page 50, the work done per pound will he diminished in the ratio of 

. The net result is that the overload capacity will be increased 

67.5 

to J^ . X — X 2000 = 3560 kilowatts. This is more than the 
101.6 67.5 

generator would carry, but is to some extent an over-estimate, since 

the vacuum would fall oflT, and the steam, owing to wire-drawing, 

would be rather less in pressure than the full 185 lb. in the first 

compartment. 

It will be obvious that with a small total number of stages an 

overload will be best taken by opening up additional nozzles at 

the high-pressure end rather than by by-passing the steam. 
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CHAPTER IX. 

VELOCITY-COMPOUNDED IMPULSE WHEELS. 

FROM Fig. 30, page 31, ante, it will be evident that the slower 
the bucket speed the greater the value of r, and the greater 
the kinetic enei^y carried over. Hence when it is desired to combine 
a high velocity of efflux from the nozzle with a low bucket speed, 
the so-called plan of velocity compounding is frequently resorted 
to. This is represented diagram matically in Fig. 45. Here A 
represents a converging-diverging nozzle, in which the steam is 
expended down from, say, 170 lb. per sq. in. to about atmospheric 
pressure, or a little below, and thus enters the wheel chamber at 
a high velocity, which may be 2560 ft. per second or so. This 
jet of rapidly-moving steam meets first the moving buckets B, 
which are mounted on a wheel keyed to the turbine shaft, and 
after giving up some of its kinetic energy to these buckets the 
steam is delivered from them still at a high speed, and meets next 
a set of buckets C 6xed to the casing of the chamber. These 
divert the path of the steam jet, and direct it into a second set 
of moving buckets D, which, after abstracting from the steam a 
further proportion of its kinetic energy, pass it on to a second set 
of fixed buckets E, and these, again, on to a third moving wheel F, 
from which it is delivered with a very small remaining kinetic 
energy. There are two methods of drawing the diagram of velocities 
for such a turbine. One method is represented in Fig. 46, and this 
is probably the easiest to understand, though less convenient in 
practical use than a second method to be described later. 

Here A B represents the velocity of issue, from the nozzle, 
taken as 2562 ft. per second, and the bucket speed is taken as 
400 ft. per second. The line B C represents the velocity of the 
steam relatively to the bucket at entrance, and is found by scaling 
to be 2189 ft. per second, the bucket velocity C A being 400 ft. 
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per second. The angle of discharge in the case of the moving 
buckets is the same as that at entrance, and hence, considered 
relatively to this bucket, the steam flows out along the line C D. 
For simplicity, we shall, in this instance, assume a constant value of 
^ equal to 0.885 throughout. Hence C D is made equal to 
0.885 X 2189 ft., or 1937 ft. per second. By setting otF D E, the 
bucket speed, we get C E = 1580 ft. per second as the absolute 
velocity of the steam at issue froDi the first row of buckets, and 
this is also the velocity with which it enters the first set of fixed 
buckets. In these buckets it is turned round, so that it discharges 




Fig. 45. Velocity Compounding. Fig. i6. Diagram of Velocitica. 

along the line E F, which makes an angle of 20 deg. with the 
plane of the wheel carrying the second set of moving buckets. 
It again loses in these fixed buckets 11.5 per cent, of its velocity, 
so that E F .is 1398 ft. Setting off G F as shown, we get 
EG = 1032 ft., the velocity of the steam relatively to the second set 
of moving buckets. Multiplying EG by ^ we get GH = 913.5 ft., 
and by setting oflf" H I = 400 ft. we find G I the velocity at 
entrance to the second set of fixed buckets to be 589 ft. per second, 
and from theseit issues along I J at a speed of 521 ft. per second. 
Making K J = 400 ft., there results I K = 200 ft. per second as 
the velocity at entrance to the third set of moving buckets. 
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K L = 177 ft. is thcD the velocity at discharge, measured relatively 
to the moving wheel, which gives K M = 360 ft. per second as 
the absolute velocity of the steam at final discharge. 

A loss of 11.5 per cent, in velocity corresponds to a loss of 
21.85 per cent, in kinetic energy. Hence we have: — 
Losa in iiret moving bucket = 

/zisjiY 



Loss ill first fixed bucket 
0.2168 : 



20.70 B.Th.U. 



; fifiSOy . 10.79 
Loss ill sucond moving bucket = 
0.2168 X ('J??)' 

LoBB ill second fix«d bucket = 
/589Y 

Loss in third moving bucket = 

Carried awa; as kinetic enei^ = 
\22i) 



0.2168 1 



0.2168 : 



4.60 



0.17 



Total losses 



= 40.34 



/2562\* 
Now the original kinetic energy in the steam was 1 1 = 

130.8 B.Th.U. per lb., so that e, the diagram efficiency, is equal to 

' — = 0.6916. This is a considerably higher figure than 

would be realised in actual practice, since the value of ^ has been 
taken too high. 

The method of determining e above given has the advantage- 
of clearness, but is not nearly so convenient in practice as another 
based on Fig. 31, Chapter IV., ante, in which this efficiency is 
determined from the " impulse " on the wheel. 

The diagram used in this case is represented in Fig. 47, which 
has been drawn for two sets of moving buckets. Corresponding points 
are lettered similarly to Fig. 31. Hence as before AB denotes 
the velocity of the steam as originally delivered, B C the speed of 
the bucket, and K C the relative speed with which the steam is 
finally delivered from the first row of buckets. 
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The impulse in this row, per pound of steaui passed, is aa before 

y 

E C being the relative velocity of the steam on discharge from 
the first row, its absolute velocity is equal to E B, and with this 
it enters the row of 6xed buckets. In this it is turned round and 
discharged in the direction B K and with a velocity such that 
B K = t . E B. 

This row of fixed buckets stands to the second row of moving 
buckets in the same relation as the guide blades did to the first 
row. Hence we can find the impulse on this second row of moving 
buckets by exactly the same process as before, that is to say, 
we join K C and L C B being the angle of discharge we make 
CL = f .CK. 

Then the impulse on the second row of buckets is - PQ. 

9 
The total impulse on both rows is therefore 

and the diagram efficiency is ^\^r^H^^^S^^^^^^^ ' 

^ 2 < . (F G + P Q) S~^;^. FTc'^ii > 

* e* Fig. 47. 

If there were a second row of fixed buckets and a third row of 
moving, there would he a third term between the brackets in the 
numerator^ corresponding to the impulse on the third set of moving 
buckets. 

Considered simply as an exercise in geometry, nothing could 
be simpler than the determination in this way of the diagram 
efficiency of a velocity-compounded wheel. Unfortunately, however, 
the result reached depends upon the values assumed for ir, the 
coefficient of velocity, and this is an exceeding variable quantity. 
If its value be taken from the curve given in Fig. 33, which is 
based mainly on the results of laboratory experiments, it will be 
found on trial that even with three rows of moving blades per 
wheel it is exceedingly difficult to get any appreciable amount of 
work out of the third row, and yet in practice as many as four, 
and even five, rows are successfully used. 

At the same time, it should be remarked that many designers 
of velocity- compounded wheels have quite failed to realise higher 
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efficiences than would correBpond to the coefficients taken from 
the curve in question, Fig. 33, ante. 

An analysis of successful velocity- compouuded wheels shows 
clearly that the steam is not freely deviated in them, and, in fact, 
is in certain cases considerably throttled. 

With free deviation the edges of the jet must spread as the flow 
passes through the bucket. The average pressure driving the latter 
can be calculated, and this must be the same as the effective pressure 
of the film of steam on its concave face. With high velocity steam 
and a slowly moving bucket it will be found on calculation that 
the pressure of the film of steam in question may be quite double 
the pressure outside the wheel, and hence the edges of the film 
will tend to spread with a velocity of between 1400 ft. and 1500 ft. 
per second. Such a velocity represents a considerable amount of 
kinetic energy, none of which is recoverable as useful work. To 
prevent this spreading it is essential, therefore, to make the bucket 
not very much wider than the nozzle. The shrouding, no doubt, 
does introduce additional friction, but this is more than made good 
by the restriction it imposes on the lateral spreading of the jet. 
That this spreading may be considerable is confirmed by Stodola's 
observation, that with a high velocity jet playing on to a Pelton 
bucket the stream of steam as it finally issued was as thin as a 
sheet of notepaper and correspondingly wide. 

As the velocity coefficients 
vary also with the curvature 
of the bucket, it seems hope- 
less for the present to fix 
really satisfactory values for 
them, and since nothing more 
than a guess can be made at 
them it is fully as satisfactory 
to guess the total efficiency 
of the whole combination at 
once, particularly as Dr. Lasche has given a number of curves 
representing the results obtained in experiments made by the 
A.E.G., which are reproduced in Fig. 48. The abscissae represent 
ratios of steam speed to blade speed. 

In Schitfsturbinen higher maximum, values thau the above for 
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Fig, 48. Efficiency of Velocity - Compounded 
Wheels. 
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two, three, and four rows of blades are claimed hy Lasche and 
Bauer to have been realised in practice, viz., 0.72 for two rows of 
moving blades per wheel, 0.65 for three rows, and 0.52 for four rows 
of blades per wheel. In the latter case, for maximum efficiency the 
steam speed should be about eleven times the blade speed. 

For eleetric-light turbines of this type, having two rows of 
moving buckets per stf^e and a ratio of blade speed to steam 
speed of about 0.22, the following proportions are found to give 
good results : — 



Angle at Entrance. 

! "leg. 



Angle at DiachaiBe.l ^'uY^^|'' "' 



First row of moving blailos .. .j 2S 22 

First row of fixe.1 blades ... 32 | 24 

Second row of moving Uailea i 39 28 .3 

A straight line drawn from the extremities of the discharge 
edge of the last bucket to the corresponding extremities of the 
nozzle touches the ends of the discharge edges of all the buckets, 
the height of which can thus be found graphically. 

In some cases the bucket height of the last row on discharge 
is much less than given by the above rule, but the latter 
represents recent and successful practice. 

Some examples of wheels with three and four velocity stages 
will be found in the description of the turbines of the U.S.S. 
" Perkins," given in a subsequent Chapter. 
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CHAPTER X. 
REACTION BLADING. 

[N the case of reaction blading the dii^ram of velocities is as 
represented in Fig. 49. Here AB = i' denotes the velocity 
with which the fluid leaves 
the fixed guide blades, C B 
the bucket speed s, whilst 
A C = r is the velocity of 
the steam measured relatively 
to the moving bucket. Just 
'^' as in the case of an impulse 

turbine, the bucket turns round the stream of fluid which enters 
it, and delivers it along the tangent to the bucket at discharge, 
as indicated by the line C D, which thus represents the direction 
of the relative velocity of the fluid at discharge. 

In the case of an impulse turbine this relative velocity at 
discharge is, owing to frictional losses, always less than AC, the 
relative velocity at entrance, C D being, in fact, often only some 
0.7 of AC. In the case of a reaction turbine, on the other hand, 
C D is always greater than A C. This gain of relative velocity is 
attained at the expense of a fall of pressure within the moving 
bucket. 

Let the energy liberated (per pound of fluid) by this change 
in pressure be Q ft.-lb., then the fall in pressure would of itself bo 
-capable, theoretically, of generating a velocity equal to v'ig'.Q. 
On the other hand, if there were no fall of pressure in the bucket 
and no friction losses, we should have CD = AG. Hence the 
actual kinetic energy with which the fluid finally leaves the moving 
bucket is derived from two sources — viz., a " carry-in " of kinetic 

AC 
energy equal to - — , in addition to the work of expansion Q. 

Hence if there were no frictional losses we should have 

<i2--^C!^.Q . . . ,H, 

■2y 2y 
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In the case of steam turbines, it is often convenient to express 
quantities of energy in heat units, so that if we put q = ^^, we 
may also write the above equation in the form 

(i')'=[ft?T- • • • •('»' 

Owing to frictional losses the actual kinetic energy of the escaping 
fluid is alwaya less than the sum of the two sources generating it, 
Bo that in practice it is necessary to write the equation as 

. . . (16) 



L224J 



-im- 



where M and m are coefficients to be determined by experiment 
or experience. 

By analysing the performance on a trial of a large high-pres- 
sure marine steam-turbine, it appears that the value of M is 0.52 
and of m 0.90, these figures being determined by the method of 
least squares. The steam velocities ranged from 1 80 ft. up to about 
300 ft. per second. With these values of the coefficients the results 
of calculation agree very well, both with the efficiencies observed 
and with the quantity of steam ])assed through actual turbines. 

The useful work done by a re- 
action turbine can be determined 
once C D is known, as follows : — • 

In Fig. 50 let A B = Vi be the 
velocity with which the steam leaves 
the fixed guide blades. This steam 
has then a tangential momentum 

^ equal to — . u, cos a, where w denotes 
Fir. 50. the weight passed per second. 

The same weight of steam leaves the moving buckets with 
a relative velocity HI = t-j, and an absolute velocity equal to HJ. 

Its tangential momentum is therefore now equal to — . K J = 

9 
r, cos a - s. Hence the change of tangential momentum effected 
per second is 

— {tJ, COB « + V, COB « - *), 

9 

and this is numerically equal to the drive on the wheel. The 
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useful work done per second is equal to this driving force multiplied 
by the distance moved through in that time, which is of course s, 
the blade speed. 

Hence the useful work done per second is 

- » (v. COS B + «, COS « - <) ft.-lb. 

y 
which may be expressed in heat units by dividing by 778. 

In the foregoing it has been assumed that the discharge angle 
of the moving bucket was the same as that of the fixed blade. In 
some cases, however, these differ, so that if aj be the discharge angle 
of the fixed blades and % that of the moving blades the useful work 
done per second becomes 

- » (v, COB a, + t^ cos Of - () ft. lb. . . (17) 

9 

The energy expended per pound is equal to the total loss 
of pressure head t>etween the inlet to the guide blades and the 
dischai-ge from the moving blades, or, in other words, to the work 
done on expanding the steam from the pressure po to the pressure p^ 

In general, the group of a reaction turbine consists of more 
than two rows of blades. A reference to Fig. 50 will make it evident 
that if another row of fixed blades follows the row of moving ones, 
there will be a "carry-in " of energy to these fixed blades, represented 

by — ft.-lb. The flow through these fixed blades is therefore 

not solely due to the pressure drop in them any more than it is 
in the case of the moving blades. It is accordingly irrational to 
assume that a pair consisting of one row of fixed and one of moving 
blades can be treated separately and taken as constituting the 
" stage " or primary element of a reaction turbine. Whether a row 
of blades is fixed or moving it cannot be disconnected from the 
preceding row, from which there is always a carry-over of kinetic 
energy, which assists in generating the actual velocity of discharge. 
The rational method of analysing a reaction turbine is therefore to 
divide it up into its groups, each group consisting of rows of blades 
all of the same height, and each group is, in its turn, rationally 
divisible into stages, each stage consisting of one row of blades, 
whether that row be moving or fixed. 

It is the fact just mentioned which so greatly complicates the 
theory of the reaction steam turbine, and the discussion of the 
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flow of steam through a group of blades is therefore reserved for 
another Chapter, in which the equations onflow will be established 
and numerical results arrived at. 

The investigation is in itself somewhat lengthy, but fortunately 
the results can be reduced to some relatively simple formulas and 
curves, the use of which is explained in the Chapters on the Pro- 
portioning of a Reaction Turbine. 

Radial-Flow Turbines.' 

The elementary theory of the reaction turbine as given above 
has relation only to axial-flow machines. Where, as in some steam 
turbines, the flow through the blades is radial in place of axial, 
the theory requires modification 

A radial-flow turbine may be considered as more or less 
analogous to an inverted centrifugal pump, and thus the flow of 
the fluid is partially due to centrifugal forces. If a radial-flow 
turbine be of the outward - flow type, these centrifugal forces 
promote the passage of the fluid, whilst with the inward-flow 
type they impede it. 

With a radial-flow turbine the work done by a pound of fluid 
in passing through a row of moving blades is equal to the angular 
velocity of the wheel multiplied by the change effected in the 
moment of momentum of the fluid. 

Thus, let Vi be the absolute tangential velocity of the pound of 
fluid just before it enters the row of moving blades, its momentum is 

then — ' . Let its distance from the centre of rotation be r„ then 

9 
^j-^' is called its moment of momentum. 
9 

At the instant at which it leaves the row of moving blades 
let its absolute velocity be Vj and its distance from the centre of 
rotation be r^. Its moment of momentum is now 



This quantity will be negative if v^ is oppositely directed to i',. 
Taking due account of the sign of Vi, the change in the moment 
of momentum will thus be 
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By an elementary principle in mechanics, a change in the 
moment of momentum of a body round a given point can only 
be brought about by a torque numerically equal acting round the 
same point. 

Hence the torque T which has acted on the pound of fluid is 

T = ^'_li!> 
9 9 ' 
and this, since action and reaction are equal and opposite, is also 
the torque on the wheel. The useful work done by the latter is 
equal to the torque on it, multiplied by the angular velocity «. 
Whence the useful work done per pound of iluid passed is 



60 60 . 9 

where, aa already stated, -^—i may be, and indeed usually is, a 

negative quantity. In that case it is generally more convenient 

to neglect the sign of v^ and write T = J— ^ + -5— ^ ■ 

The further development of the theory of the radial-flow turbine 
is left to another Chapter. 
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CHAPTER XI. 



EEACTION TURBINE DESIGN. 



IN a previous Chapter we have shown how it is possible to arrive 
rapidly at the general proportions of a reaction turbine to give 
a given output and given steam consumption per horse-power hour. 
The latter is, however, dependent upon a number of variable 
factors, such as the leak^e through the dummies and glands, and 
on the amount of clearance allowed over the blade tips. The loss 
from the latter source may be very considerable where the clearance 
is a substantial fraction of the blade height, as it often is at the 
high-pressure end of a marine turbine, so that the actual efficiency 
may be materially less in such cases than would be estimated from 
the curve in Fig. 43, ante. Speaking roughly, an increase of 1 per 
cent, in the tip clearances increases the consumption per horse-power 
hour by 2 per cent. 

Some valuable experiments on the effects of tip clearances have 

been carried out at the works of the Brush Electrical Engineering 

Company, Loughborough, by Messrs. W. Chilton and J. M. Nekton, 

to whom the author is indebted for' the results plotted in 

Fig. 51. Here the radial clearance over 

some f in. standard Parsons blades was 

increased from zero up to ^ in., and 

the steam passed through collected and 

weighed. The curve shows that the 

leakt^e plots against the clearance as a 

straight line, and it follows accordingly 

that the leakage flow cuts straight across 

the tops of the blades and is not sensibly 

deflected by the main flow. 

As stated in Chapter III., the mean angle of discharge of 

standard Parsons blades gat^d to one-third pitch is about 18' 20', 
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STEAM TURBINES : 



SO that if n} denotes the area available for flow when there is no 
tip leakage we have, if h be the blade height, 



„,^ Ac.i.or2o') ^,^ 

Where C denotes the mean circumference in inches, 
effective area taking leaki^e into account 



-aq.ft 



If il denote the 



(21) 



where 



1, a being the discharge angle of the blades. 



1 
sin a 

For normal blades <r = 2.15, for serai-wing blades l.l, and for wing 
blades about 0.6. Here c denotes the tip clearance. 

Of the total weight w, which passes through a group of blades, 
the proportion which does useful work, is 



In the previous Chapter an approxi- 
mate expression was given for the velocity 
with which the steam enters the first row 
of blades of a reaction turbine. The expres- 
sion is practically an empirical one, but gives 
a very fair approximation to the truth in the 
case of a turbine designed on standard lines. 
Actually, however, this velocity is not con- 
stant, but varies with the ratio of blade speed 
to steam speed, though it is nearly indepen- 
dent of the pressure below the governor valve 
and of the vacuum in the condenser. In 
short, experiment shows that the steam 
speed into the first row of blades of a 
reaction turbine is nearly constant at all loads provided the blade 
speed is kept constant. 

It is further found that if the blade height increases from 
group to group in a given geometric ratio, the pressure before each 
successive group diminishes in nearly the same ratio, at least at 
the high-pressure end of the turbine. If this law were strictly 
true, the logarithms of the pressures plotted against the group 
numbers should lie on a straight line, and, as will be seen from 
Fig. 52, this is very nearly true. Here along the line A have 
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been plotted the pressures observed along the high-pressure turbine 
of a large warship, in which the blade heights increased id the 
ratio of ■\/2 to 1. 

Along line B have also been plotted the logarithms of the 
pressures in front of each group of the high-pressure turbine of a 
large Atlantic liner. In this case the ratio between successive 
blade heights was \/2, and again it will be seen from the slope of 
the curve that this is approximately the ratio between successive pres- 
sures, though it will be seen that this pressure ratio is rather better 
represented by 1.29 than by v^Z. The pressures, of which the 
logarithms have been plotted along line C, were observed on the 
" Mauretania," and here also successive points fall very accurately 
on a straight line, so that, as before, the pressures vary in a 
geometric ratio, which is nearly the inverse of that of successive 
blade heights. 

In the case of low-pressure turbines less uniform results are 
obtained, partly owing to the " sticktion," characteristic of ordinary 
vacuum gauges, but mainly to the fact that an increase or decrease 
of vacuum afiects in general the last groups of blades only, and is with- 
out influence on the distribution of pressures higher up the turbine. 

In the Chapters on Flow Through Groups of Blades it is proved 
that a rational expression can be found for the velocity of inflow into 
the group of a turbine when the ratio of pressures at the beginning 
and end of the group are known, in addition to po the pressure and V(, 
the specific volume of the steam just before it enters the group. 

From what has been stated above it will be seen that 

with a blade-height ratio of \/2 to 1 the ratio of the pressures — 

will be about 1.41, whilst when the blade heights increase in the 

ratio, ^2 to 1, the ratio of — is also nearly \/2 to 1, but is perhaps 

better taken as 1.29. On this basis the following table has been 
drawn up showing v^, the velocity of inflow into the first row of an 

ordinary reaction turbine for different values of 8 = ^-^. 

This table is based upon the assumption that p^ Vo is about 455, 
which is very approximately the case in practice with high-pressure 
turbines. 
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Table V. 



' i " 






velocity of aleam at entrance to group. 






Pressure at Entrance 
Pressure at Diachaige 
- 1.29. 


3. - !^- 
P. 


Pressure at Entrance 
Pressure at Discharge 
s/2 - 1.41. 


^« 


d 


d 


d 


d 


•a (D 
d d 


11 

i 

>5 


s. 


»• 


1 


»• 




1 


i 


1', 


„ Blade Speed 




fl.p<„».. 


ft.,»raec. 


ft. per 8CC. 


ft per sec. 


ft. pet sec 


ft per sec 


4 


482.1 


469.7 


459.7 


.528.6 


517.1 


608.2 


6 


398.8 


388.2 


379.4 


410.0 


430.7 


422.3 


8 


347.7 


338.3 


330.5 


385.5 


376.9 


369.0 


10 


312.3 


303.7 


296.6 


347.2 


339.2 


338.1 


12 


28fi.9 


277.9 


271.4 


318.5 


310.9 


303.6 


14 


266.2 


267.7 


261.6 


296.9 


288.7 


282.3 


16 


248.4 


241.6 


235.7 


277.5 


270.7 


264.6 


18 


234.6 


227.9 


222.4 


262.1 


266.7 


249.8 


20 


222 6 


216.4 


211.2 


249.1 


242.9 


237.3 


22 


212.6 


206.4 


201.4 


237.8 


231.9 


226.6 


24 


208.6 


197.8 


193.0 


227.9 


222.2 


217.0 


26 


196.6 


190.1 


186.3 


219.2 


213.7 


208.7 


28 


188.3 


183.2 


178.8 


211.4 


206.1 


201.2 


30 


182.3 


177.1 


172.8 


204.4 


199.2 


194.6 


32 


1 176.6 


171.6 


167. 4 


19&0 


193.0 


188.4 


34 


171.4 


166.6 


162.4 


192.2 


187.3 


182.8 


36 


166.6 


161.8 


157.9 


186.9 


182.1 


177.8 



If we take the marine turbine, of which the general proportions 
were got out on page 63, we found Vq = 222.5 approximately 



whilst s the blade speed = - 
8 = ^^= 0.415 nearly. 



1.5 ft. per second, so that 
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As there are 24 rows in the first group, the corrected steam 
speed will, it appears from Table V., be about 227 ft. per second. 

In the same Chapter the area available for flow was taken as 

one-third the annulus between the casing and drum. The true 

effective area, as given on pt^e 84, is 

,. , , C . Bin 18° 20' 
(* + "<')- j-^4 • 

In marine practice the clearance allowed is often 8 mils per foot 
of drum diameter + 5 mils per inch of blade height, so that as h 
is 1 in., about 35 mils will be the value of c for the first row of 
blades, and thus we get 

G - 1.035 >cU4.gx0.31i5 _ ^.326 «,. ft. 
144 ^ 

The volume passed per second is v^ x 0.326 = 227 x 0.326 = 74 cub. ft., 
which, at 2.61 cub. ft. per lb., gives a flow of 28.6 lb. per second, 
which is a little less than the approximate estimate previously 
made on page 63. 

In Chapter XIV., on Groups of Blades with Constant Discharge 
Angle, it is proved that the work W done by a group of blades per 
pound passed per second is given by the relation 

^-;^o- sis- {-^ (" + '•'»"«'>"-"- "2')' 

where s denotes the blade speed, N the number of rows of blades in 

the group, and x is the ratio ^ of the pressure of the steam at 

entrance into, to the pressure of the steam at discharge from, the 
group, whilst a denotes the angle of discharge, and h a coefKcient, 
which is 1.093 for x = 1.41, and 1.065 for x = 1.29. 

Taking standard blades set to one-third pitch, the formula given 
above simplifies to 

^-rr^ afa ■{'""•'•<•'* ""'-t'} '""'-'■" 

and 

Hence the work done by the first group of blades in the present 



. 92.5 



'1.093 X 277 % 24.1f 



1 + 0.075 32.2 
12,595 fL-lb. per second per lb. of steam passed. Since the 
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weight passed is 28.6 lb. per second, the horse-power developed by 
the first group will be 

28.6 X ^ = 655 iudicated horse-power. 

550 

To obtain the same average of power from each of the 

remaining groups, experience shows that the condenser pressure 

should be equal to about i-^ = 1.65 lb. absolute; equivalent to 

a vacuum of about 26.63 in., so that the horse-power developed 
will be 12 X 655 = 7870. An increase of the vacuum to 28 in. 
will, as the correction curve, Fig. 36, page 47, shows, increase 
this figure to 8420 indicated horse-power, which will be fully 
equivalent to 8000 shaft horse-power. 

The total steam consumption includes, however, not only the 
steam through the blading but also that which leaks through 
the dummies. 

These dummy losses can be calculated by the formula estab- 
lished in Chapter XVIII., 

/" 

Weight of etcam ttirou^'h dummy j>er second = 68 O ' 

Vo"(N + log. z) 

where il denotes the area {measured in square feet) available for 
the flow of steam, p^ the absolute pressure in pounds per square 
inch of the steam on the high-pressure side of the dummy, and V^ 
the corresponding specific volume of the steam ; N denotes the 
number of points at which the steam is wire-drawn, or, in other 
words, the number of rings in the dummy, whilst z denotes the 
ratio of the pressure, at entrance to the dummy, to the pressure on 
discharge. When the three-shaft arrangement of turbines is adopted, 
X for the high-pressure dummy may be taken as very approximately 
4, so that the formula for flow becomes 



V-^dii 



Weight discharged = 68 Q 



V V, (N + 1.3 



If we take X as 30, the weight discharged from the high- 
pressure dummy is then equal to 11.76 fl \l ^ ' 

To find n it is necessary to know the dummy diameter which 
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depends upon the relative thrusts of the screw and of the steam. 
The axial thrust of the steam on the rotor-bJades is given very 
approximately by the formula 

Thrust of steam = -—^ ■ h _ v j where po is the pressure 

in front of the first row of blades of the turbine, A the area in 
square inches of the annulus between the drum and the casing 
at the first row of blades, and G the number of groups in the 
turbine, whilst j is the ratio of successive blade heights. In 
the present case we have po = 175, A = 144.5 sq. in., G = 4, 
and j = ^2. Whence we get 

Thrust of steam = 14,619 lb. 
This is more than balanced by the thrust of the propeller. The 
high-pressure turbine in- fact develops 2667 shaft horse-power, so 
that, assuming the propulsive efficiency to be 0.50, and the designed 
speed 21 knots, or 35.5 fl. per second, we have for the propeller 
thrust T the equation 

T X S5.6 - 0.50 X 2667 x 550 = 1334 x 550 

or 

T = 20,667 lb. 

The difference between this and the steam thrust is 20,667 — 14,819 
= 5848 lb., which must be compensated for by making the dummy 
diameter less than that of the turbine main drum. The pressure 
being 175 lb. per sq. in. at the entrance to the dummy and about 
44 lb. absolute on the discharge side, the effective pressure is 131 lb. 

and the area required is y^y- = 44.6 sq. in. 

The drum diameter being 45 in., it has an area of 1590.4 sq. in., 
and the dummy area must be 44.6 in. less, or 1545.8 sq. in. Hence 
the dummy diameter should be 44f in., the corresponding circum- 
ference being 139.4 in. 

Dummy clearances are commonly about 5 mils per foot of 
diametor — s^^, 20 mils in this case. Hence the area available for 

flow through the dummy is 1^^ x 0.02 sq. ft. = 0.0194 sq. ft 

All the data necessary for calculating the dummy leakage are 
now known, and we get the weight discharged per second 

= 68 X 0.0194 , /HI. . 15 =. 1.87 lb. per seconA 

V 3.602 16 X 31.38 ^ 

Digitized by V_tOOQIC 
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This is the loss through the high-pressure dummy, but as this 
leakage passes into the low-pressure turbines at a point where the 
pressure is about 20 lb. above the atmosphere, only one-third of it, 
or 0.62 lb., is net loss. This brings up the steam consumption per 
second to 29.22 lb., and to this must now be added the loss lirom 
the low-pressure dummies. 

The propeller thrust will be the same as before, and the same 
formula may be used for the steam thrust, though, owing to the 
presence of the wing blades and the rapid fall of pressure through 
them, it is less accurate here than as applied to the high-pressure 
turbine. 

The pressure at entrance to the low-pressure turbine, allowing 
for losses in the connecting-pipe, may be assumed as equal to 
42 lb. absolute, whilst the area A of the annulus will be 204.2 sq. in., 
the drum diameter being 64 in., and the blade height 1 in. Hence 
the formula 

Steam thrust = PiA^ A - \\ 

becomes i-* w 9oi 9 v « 

Steam thruBt - " ^ ''"^"^ ^ " x 0.293 = 10,052 ib. 

2 

Hence the thrust to be taken by the dummy is 20,667 - 10,052 
= 10,615 lb. Taking the effective pressure as 41 lb. per sq. in., the 
area needed is 259 sq. in. nearly. The drum cross-section has an 
area of 3217 sq. in., hence the cross-section of the dummy must 
have an area equal to 3217.0 — 259 = 2958 sq. in., equivalent to 
a dummy diameter of 61f in., the corresponding circumference being 
192.8 in. Taking, as before, the clearance as equal to 5 mils per foot 
of diameter, or 25 mils in all, the area available for flow through 
the dummy is 19^.8 x 0.025 ^ ^ ^gg^ ^ 
144 

Taking p^ as 42, V^ as 9.6 cub. ft. per pound, and x as 34, 
approximately, we get for the flow through one dummy 



Weight dischaigetl per second = 68 x 0.0331^ -^— 



6(19.05) 

= 1.086 lb. per second through one dummy, or 2.172 lb. through 
two. As the low-pressure turbines do two-thirds of the work, the 
net loss is 2.172 x § = 1.45 lb. per second, which brings the 
steam consumption up to 29.22 + 1.45 = 30.671b. per second. 
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The gland leakage may be calculated in the same way. A 

standard marine gland is illustrated in Chapter XYIII ; the clearance 

allowed is about 8 mils per foot of shaft diameter. Taking the shaft 

as 12 in. in diameter at the glands, and applying the formula already 

given, the total leakage at the two high-pressure glands works out 

at 0.188 lb. per second, about half of which can be saved if the "leak 

off" is led into the low-pressure turbine half-way down the casing. 

In the case of the low-pressure turbines the loss from each gland 

amounts to 0.0147 lb. per second, or 0.06 lb. for the four. Thus 

the ^gregate loss from the glands may be taken as 0.15 lb. per 

second, making the total steam consumption 30.82 lb. per second, 

.. . ,. ,. L a t • 30.82 X 3600 

so that the consumption per shaft horse-power is ^ — - — = 

^ ^ ^ 8000 

13.85 lb. per hour. 

The consumption estimated from Fig. 43, page 50, was about 

13 lb. per shaft horse-power; the difference is mainly due to the 

relatively large clearance over blade tips. 



y Google 



( 92 ) 



CHAPTER XII. 
REACTION TURBINE DESIGN— (coji(i»itcrf). 

THE plan commonly adopted of making the blade heights from 
group to group of a reaction turbine increase in geometric ratio 
does not lead to an equal partition of the available energy between 
the groups. Considerations of symmetry indicate that an equiparti- 
tion of energy between the different groups should be fiivourable to 
economy, though there is no reason for supposing that any great 
advantage can thus be realised. Nevertheless it is of some interest 
to work out what are the blade heights which would lead to an equal 
division of energy between the different groups. This can be done 
pretty simply if the blades of a group are " gauged " so as to keep 
the steam velocity the same in each row. 

Let it be assumed that the steam below the governor valve is 
at 165 lb. absolute and dry, and that the vacuum is 28 in., and that x 
is 106,000, as in the case of the 2000-kw. reaction turbine, of which 
the principal dimensions were obtained in Chapter VII. With 
this value of x the efficiency ratio reckoned at the turbine shaft 
is, from Fig. 43, about 67^ per cent., which will correspond, say, 
to an indicated efficiency ratio of about 0.705. Hence, instead of 
turning into indicated work 321 B.Th.U., as a perfect turbine 
would do, the actual turbine subtracts from the steam only about 
321 X 0.705 = 226 B.Th.U. per lb. Its total heat originally was 
about 1193 B.Th.U., so that on exhaust at a 28-in. vacuum it will 
contain 1193 - 226 = 967 B.Th.U. per lb. From the Mollier 
diagram it appears therefore that the steam on final discharge is 
about 86 per cent dry, so that its specific volume V, = 340 x 0.86 
= 292.4 cub. ft per lb., the pressure p^ being 0.98 lb. absolute. 
Initially the pressure p^ was 165, whilst Vo = 2.757. 

The expansion takes place very approximately according to 
the law 
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Thus 


logV, -logv; 


2.21748 - 


1.99123 . 2.22625 


'' 2.46698 - 


0.44044 2.02554 


We may further write 





Substituting for V„, Vo, and p^, po, we get 

A. - 0.62993. 
If there are to be twelve groups, with the energy equally divided 
between them, we have, by the rule given in Chapter VIII., pt^e 69. 





12 A, - 


11 =. A., where A, - ^L^ =.^ 


So that 




A. . l>l«f ? . 0.96916 


and then 




A, = ^^ = 3A, - 2, &c.,Ac., 


and we th 


us get the 


values of A given in the first column of 


Table VI., 


page 94. 




Having these values of A, we can find the value of V at any 


group by the relation 





-•ar=^-ar 



The calculation is given in detail in the table. If the corresponding 
pressures are required for any purpose, we have 

logp = loff Po - 1:^^ . Joe A (22) 

^^ ^^° 0.0991 ** A ^ ' 

Table VI., page 94, gives the specific volume in the front of each 

group if the energy is equally divided between the twelve groups, 

and these volumes will be the same whatever the output of the 

turbine. 
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Table VI 



i 

o 


< 


■4 

s 


I 


s 


> 


S 
I 

§ 

> 


1 


1.0000 


0.00000 


0.00000 


0.0000 


0.4404 


2.757 


2 


0.9692 


1.98641 


0.01359 


0.1368 


0.6772 


3.780 


3 


0.9383 


1.97234 


0.02766 


0.2791 


0.7191 


6.237 


4 


0.9075 


r.95785 


0.04215 


0.4263 


0.8667 


7.340 


6 


08766 


1.94280 


0.05720 


0.6772 


1.0176 


10.41 


6 


0.8468 


1.92727 


0.07273 


0.7339 


1.1743 


14.94 


7 


0.8150 


1.91116 


0.08884 


0.8966 


1.3369 


21.72 


6 


0.7841 


1.89437 


0.10563 


1.0668 


1.6062 


32.08 


9 


0.7533 


1.87697 


0.12303 


1.2413 


1.6817 


48.06 


10 


0.7226 


1.85884 


0.14116 


1.4236 


1.8640 


73.26 


11 


0.6916 


1.83985 


0.16016 


1.6169 


2.0663 


113.9 


12 


0.6608 


1.82007 


0.17993 


1.8155 


2.2559 


180.3 


- 


0.6399 


1.79929 


0.20071 


2.0266 


2.4669 


292.4 



If, as before in Chapter VII., the turbine is to develop 2000 kw. 
at 1500 revolutions, and we take the mean diameter of the blade 
path as 19 in., the blade height required will be f in. as before, and 
the remaining blade heights, neglecting the effect of tip leakage, can 
be determined from the volumes given in the last line of the table. 

Thus, assume provisionally that the mean blade path of all the 
groups is 19 in., in diameter, so that the blade heights at successive 
groups will be directly proportional to these volumes. Of course this 
assumption is really an impossible one, as the blades soon become 
too long. Nevertheless the theoretical blade heights thus calculated 
can be made the basis from which the height of blade required on 
the necessary enlargements of the drum diameter can be cidculated. 
Taking these heights as proportional to the specific volume we thus 
get the table on page 95. 

The great range of the blade heights, as tabulated on the next 
page, points to the advisability of constructing the drum in four 
diameters. 

This is indeed practically unavoidable where a high speed of 



y Google 



RIAOTION TURBINE DESIGN. 



rotation is to be used, since a drum of sufficient diameter to give 
the steam way theoretically required at the low-pressure end would 
be subject to very high centrifugal stresses. With a four-diameter 
rotor, however, the low-pressure section can be constructed as a 
solid disc, and is thus able to withstand safely a very high speed. 



Group Number. 


Provisional Blade 
Height in Inches. 


Group Kujnber. 


Provisional Blade 
Height in Inches. 


1 


0.75 


7 


5.92 


2 


1.03 


8 


8 74 


3 


1.425 


9 


13.09 


i 


2.00 


10 


19 92 


5 


2.84 


11 


31.0 


6 


4.06 


12 


49.4 



Each of the groups in the provisional table above comprises 
twelve rows of moving blades. If then the low-pressure groups as 
finally settled are given two moving rows each, the mean diameter of 

the group must be increased in the ratio of 1 to W — , so that the mean 

diameter of Group 12 will be 19 x \/6 = 46.6 in. The corresponding 
blade height is then obtained by dividing the provisional value by 6, 
so that the calculated height for Group 12 becomes 8.21 in. 

If Group 1 1 be also placed on this disc, its blade height as a first 

approximation will be -~^ = 5.17 in. 

With the same disc diameter as Group 12, however, the mean 
diameter of Group 1 1 will be less, so that the above figures should 
be increased in the ratio of 46.6 : {46.6 - 8.21 + 5.17) : or blade 
height for Group 11 

5.17 X 46.6 - ,„. 
- 43.56 °'''^""'- 

A fiirther adjustment might now be made to keep the ratio 
of blade speed to steam speed the same as for Group 12, but small 
variations in this from group to group are of little importance. 

Coming next to the second intermediate section, if it is decided 
to give each group here four rows of moving blades the mean 

diameter should be 19 x J— = 32.9 in. The blade height required 
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for Group 10 will then be one-third of that given in the provisional 
table, so that this group will have four rows of moving blades 6.64 in. 
high. The blade heights for the other groups, after adjustraent, for 
their smaller mean diameter in the fashion explained above are as 
follow : — 



Group number 

Calculated blade height, inches 



Similarly, allowing eight rows of moving blades per group on 

/To 
the first intermediate drum, we get 19 x ^J — = 23.3 in. as the 

mean diameter of Group 6, and the corresponding blade heights after 
adjustment are as follow : — 



Group number 

Calculated blade height, inches 



For the high-pressure section of the drum the blade height 
of Group 2 after adjustment for its mean diameter being greater 
than 19 in. becomes 1.015 in. and that of Group 3 ; 1.376 in. 

The figures thus calculated may, if desired, be further adjusted 
to allow for the fact that tip clearances are relatively more important 
the shorter the blades, and account may also be taken in the same 
way of the fact that owing to dummy leakages the weight of steam 
passed through the blading increases with each successive section 
of the turbine. Since, however, blade heights have to be made even 
dimensions in the end, refinements of calculation should not be 
pushed too far. 

The method above given for dividing up the available energy 
equally between the difiPerent groups sufi^ices if the blading is gauged 
so that the steam velocity remains constant throughout each indi- 
vidual group, but if, as is frequently done, the discharge angle of 
the blades is kept constant, blade heights proportioned as above 
will not then give an equal partition of the available heat. With 
a constant blade angle the area available for flow remains the same 
from one end of a group to the other, and as the steam expands on 
its passive it follows that its velocity at the last row is substantially 
higher than it was at the first row. 
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In these conditions the velocity of inflow into a group depends 
not only on the available heat but also on the density of the steam, 
the feet being that low-pressure steam, in developing a given amount 
of energy, increases its volume proportionately more than high- 
pressure steam does. With the same Velocity at the first row of a 
group the low-pressure steam will have a higher velocity at discharge, 
and hence a larger expenditure of energy will be necessary to 
maintain its flow. 

By the use of the curves, Pigs. 53 to 56, on the next page, 
of which the theory is given later, it is possible to proportion 
blade heights so that an equipartition of energy is secured also 
in this case. The method of calculation is set forth in Tabic VII., 
on page 99. 

In the first row of this table the values of V, taken from 

Table YI., are set down, and under them the corresponding values 

of the steam pressure p, as determined by equation (22), page 93. 

From these latter figures we get the corresponding value oi x = 

pressure in front of group , . , , . , , 

1 . ■ 1 — -, and with this value of x we can, on 

pressure behmd group ' ' 

assuming 8„ which denotes the ratio ^team speed irdischarge' *^"** 
from Fig. 53 values of ^ and /*. In this case 5, has been taken 
as 0.4. If next the total number of rows of blades per group is 
assumed, the velocity i', with which the steam is finally discharged 
from the group, can be calculated by the relation 



Vioo; 



Having v; the necessary value of s to give « = 0.4 « can 
be found, and if we take the speed as 1500 R.P.M. the value 
of d, the mean diameter of the blading in inches is equal to 

^ X 12 X 60 ^ _s_ 1\iGse values of d are tabulated along line 12, 

1500 X IT 6.54 ^ 

and they would, it will be seen, involve a drum having numerous 
steps. 

The approximate blade heights, in inches (to be adjusted 
afterwards), are given by 

A - 0.6 X R.P.M. X f^ 
where w denotes the weight passed per second. Taking ?(' as 
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F^. B3. 



Vim. 56. 

Figs 53 to 56. Curves for Analysing 

fJroups of Reaction Blading witli Constant 

Discliai^e Angles. 



Fig. 5S. 



y Google 



REACTION TURBINE 



II 

51 



II 



n 



= 


iiiii-ii a 


! J s 1 ! 5 ^ -^ s 


= 


|i! ii-i i li 


^i^^^iii i 


s 


.88 E i . „ 8 . . 

g ., J « a - j a j g 


i3»iS|ii i 


• 


sis S 1 , . a . .. 

s - - - « " g ii S J 


' s = - ' i g 1 s 


" 


8 S 1 i 1 . . s . . 
s ■' " =■ » • S s 5 1 


.,58.=. = 


■■ 


s a a IS..! . « 
' " " "• ' -^ S 8 


. . S S . . . s 
= ' « ' 1 S i s 




i i 


3«il| 1= 1 


ii 


h=ii||| 1 




5 » i 5 1 11 1 


" 


S 5 3 3 5 s J 3 II 


„ s 5 S . . „ s 




B s 8 S 1 , . i . = 
- i - « » = s - S3 


i . . 1 1 . . . a 




g . 3 1 S , - B . „ 


s . i 1 1 II § 


1 
1 


ir ^^^' ^r 

li i 1 t 1 t III 1 1 


■:■::::: d 
1 1 4 if + s } " 

M ? ! £ " i 1 


1 


-«" *«•..« «g 


-aasss saa 



by Google 



100 HTBAM turbines: 

7.3 lb. per second, the approximate value of /*. is as tabulated 

along line 11. 

The tip clearance e may be taken as 1 mil for each inch of 

drum diameter plus 5 mils for each iuch of blade height. The values 

of c are tabulated along line 13. Then, the fraction of the steam 

k — c 
which does useful work in a group is equal to -= where <r = 

2.15 for normal blades. 

Hence, if we take from Fig. 56 the values of B corre- 
sponding to the values of x in line -'J, we can calculate the work 
done per pound of steam passed by each group, as shown in 
lines 19, by the relation proved in Chapter XIV., viz. — 

Useful work done per pound of steam passed is given by 

W = /"" „ ' . ( « (N + 1.05 log a;) B cos a - i^l B.Th.U., 
A + tfc ■ 778 . y t 2 J 

which may be written as 

^ " ATTc ■ 251050 ■ ^ • 

where Q is taken from line 18. The total heat utilised per pound 
of steam through the blading is, it will be seen, 227.5 B.Th.U. cor- 
responding to a consumption of about 15 lb. per kilowatt-hour, to 
which, however, must be added the dummy and gland leakage. 

The blade heights, of which approximate values are given in 
line 11, could be adjusted to any degree of refinement desired, but, 
OS already stated, there will be no appreciable change in the per- 
formance of the turbine if they are, in each case, taken at the 
nearest even dimension. 

Detailed Analysis of a Reaction Turbine. 

The method given above makes it possible to proportion rationally 
the blade heights of a turbine from group to group, and it may be 
surnnsed that a turbine thus constructed would have the maximum 
efficiency consistent with its value of v There seems, however, to be 
no very great benefit if " constant angle " blading is used. 

It has, in fact, been common to fix the blade heights by simple 
empirical rules, as described in a previous Chapter. These give 
very fair results in practice, though with a 28-in. vacuum or more, 
the steam way, at the low-pressure end is liable to be somewhat 
restricted, and it becomes necessary to fit wing blades here. 
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We shall analyse, by means of the curves, Figs. 53 to 56, 
page 98, the turbine, of which the principal proportions were 
empirically determined in Chapter VII. These main particulars 
are repeated in the first seven lines of Table VIII., on page 102, 
whilst the blade speed of each group is set down in line 12. 

Using the formulas established in the Chapter on Labyrinth 
Packings, it appears that the high-pressure dummy leakf^e is 
0.79 lb. per second, that of the intermetUate dummy 0.36 lb. per 
second, and that of the low-pressure dummy about 0.18 lb. per 
second. 

Hence, if 9 lb. of steam flow per second through the low- 
pressure blading, 8.82 lb. will pass through the intermediate blading 
and 8.39 lb. through that of the high-pressure section. 

In making such an analysis as is proposed, it is by far the 
most convenient system to start at the exhaust end of the turbine 
and work backwards, group by group. Small arithmetical errors, 
and the like, are then non-cumulative. 

For a 28-in. vacuum the last row of blades should be fully 
" winged," but in what follows semi-wing blades have been assumed. 
The exhaust pressure has, accordingly, been taken as 1.47 lb. absolute, 
as shown in line 8, and the corresponding specific volume of the 
steam as 190 cub. ft. per lb. This should be taken at rather a 
low value so as to avoid getting into the superheated "field" at the 
high-pressure end of the turbine. To do this has the draw-back 
that the friction loss with superheated steam is different from that 
with saturated, a fact which is most conveniently taken into 
consideration, after the completion of the main calculation, by means 
of correction curves. 

The area through the last row of blades being 2.896 sq. ft., 

the discharge velocity is = 596.8 ft. per second, so that 

275 
the ratio 8 of blade speed to steam speed is TqF^ ~ 0.47. 

With this value of S the pressure drop required to maintain 
the flow through a group consisting of six rows of wing blades can 
be determined by means of the curves in Fig. 54, which have been 
plotted from the equations established later on in Chapter XIY. on 
Groups of Blades with Constant Discharge Angle. 



y Google 



\0 


2 

1: 
\ - 

|i • 

if: 


^ = •1151 


STEAM TCRBIKES: 




...iiea^lllli i iliiiiliiiii 




,-i!ll!||||i S ll| iiilillii 




...llSiS s , = , 1 S SS. = . » Bass. 5 








,.slSliis..,l 181. .-sesaB-s 


ti 




j=-iSllli| = |i 1 ii| iiiiiiiii 


s 
5 






|S 




1 
5 




- 3 » ^ .. =, t ., g g g a ^ " = 1 s 1 s = i i g 1 - 


,. ilSisl.,. ..S 1 gl. ..sssaa.l 


> 




H 


II 


a a ¥ . 




1 

i 

1 


■■■■■■■■■■■■■ 

S f S u s ■€■ K 


^ ■ ■ . 

II J: J 

= 3522 3 


. : : : : ; : : : : : ji 

ti ^ -.iiifllil 



d by Google 



REACTION TURBINE DESIGN. 103 

Taking the equation ^ = (t^) p - "y* - we have *'„= 596.8 ; 2^s Vh = 

1.47 X 190 = 279.3 and N = 6. 

As a provisional value, assume /* = 0.8, and we then get 
/596.8V 8* 
* = V"l00 J 2791 = °-^^^- 

From the curves in Fig. 54 it appears that with S = 0.44 the 
corresponding value of x is about 1.63. With this value of x we 
get 0.74 as a corrected value of/*, giving ^ = 0.861, whence the 
corrected value of a: = 1.665, so that the pressure at entrance to 
the group is 1.47 x 1,665 = 2.447 lb. per sq. in. absolute. 

Having found x, the corresponding value of B is taken from 
the curve in Fig. 56, its value being 0.772. Then, as shown in 
Chapter XIV. on the Flow through a Group of Blades, the indicated 
work done by the group per pound of steam passed per second is 

Putting V, = 596.8; B = 0.772, and taking cos a = 0.8660 for 
semi-wing blades, we get 

», B cos « . (N + 1.06 log 3!) C08 « =. 2485.6. 
Subtracting 

Y C"i»« 18) -= «25 

we get 

Q = 1660.5, 
whence 

/^~7r„~c ' 3'> 2 Q = ^ ^ 13,695 ft.-lb, per second per lb. passed, 

which is equivalent to 17.61 B.Th.U. 

This is the amount of enei^y which has been removed from 
each pound of the steam in the shape of useful work as it passed 
through the group. 

Reference to a steam table shows that, as finally discharged 
from the group, the heat content was 930.86 B.Th.U. per lb., the 
steam being 0.863 dry, so that before it entered the group its 
heat content was 930.86 + 17.61 = 948.47 B.Th.U. per lb. Its 
pressure then was as already found, 2.447 lb. absolute, and at this 
pressure dry steam has a sensible heat of 102.07 B.Th.U. The 
actual amount latent is therefore 948.47 — 102.07 = 846.40 B.Th.U. 
As dry steam at the same pressure has a latent heat of 1020.3 
B.Th.U. and a specific volume of 142.9 cub. ft. per lb., the actual 
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Specific volume of the steam on discharge from group 11 is 

' „„Q » — = 118.6 cub. ft. per lb. Its velocity of outflow 

from this group, which consists of normal blades, is therefore 

9 X 118.6 

— --, — = 601.3 it. per second. 

This gives 

i = ^11 = 0.46 
601.3 

Whence using the curves for normal blades. Fig. 53, the value of 
a; is found to be 1.682, so that the steam pressure on entering the 
group is 2.447 x 1.682 = 4.400 lb. per sq. in. absolute. 

The useful work done by the blades is found as before, cos a 
being taken as 0.9492, since normal blades have a discharge angle 
averaging about 18° 20'. 

The details of the calculation are shown in the table, and from 
line 21 it appears that the indicated work in this group amounts 
to 20.60 B.Th.U. per lb. Hence, before entering the group, the 
steam had a heat content of 948.47 + 20.60 = 969.07 B.Th.U. per lb. 

Subtracting the sensible heat corresponding to the pressure, 
the amount actually latent is 846.37, from which the actual specific 
volume of the steam can be calculated as before, and this is tabulated 
in line 9, group 10. 

The other groups are calculated in succession in the same way, 
the results being given in the table. Adding the total work done 
by each group, this, iu the case of the low-pressure section, amounts to 
9 (17.61 + 16.90 + 17.82 + 18.13 + 20.60 + 17.61) - 977.1 B.Th.U. i>er sec.nd. 

For the intermediate section the indicated work is 

8.82 (18.20 + 17.21 + 16.88) = 470.0 B.Th.U. per second, 

and in the case of the high-pressure section the work done is 

8.39 X (17.73 + 18.95 + 17.78) = 456.9 B.Th.U. per second. 

The total indicated work done per hour is thus 
(977.1 ^47a0^^ 456.8) 3600 _^^^^^ 

The total steam passed per second is 

Through the low-pieesuTe blading 9.00 

„ „ dummy . - ■ - - ■ 0.18 

„ „ glands {say) ■-- 0.17 
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Hence the coDsumption per indicated kilowatt-hour is 
3600 X 9.35 

2009 "^ ^^-^^ "'■ 

Since, however, the steam was only 0.945 dry, the con- 
aumption corrected to dry steam will be 15.83 per indicated kilo- 
watt. This, however, refers to an initial pressure of 170.2 lb. 
and a 27-in. vacuum. Correcting by Fig. 39, ante, to steam at 
165 lb., and a 28-in. vacuum gives a consumption of 15.2 lb. per 
indicated kilowatt-hour. As an ideal turbine would, under these 
standard conditions, require 10.67 lb. per kilowatt-hour the indicated 

efficiency ratio is -'— = 0.702, corresponding to a brake efficiency 

ratio of about 67.4 per cent. 

Since Fig. 43 shows about the maximum efficiency attainable 
with a given value of x, the above is rather a remarkable result 
to be reached with an empirically proportioned turbine. The 
explanation lies in the fact that with such a turbine the true value 
of X is considerably in excess of the nominal, since it is the drum 
diameters which have been increased in the ratio of \/2 to 1, and 
not the mean diameters, as theory requires. With the ■ turbine 
of which the theoretical proportions were got out on pages 95 and 
96, an equal efficiency is obtained (see page 115), although the true 
value of X is substantially less. 

The output with 170 lb. steam and a 27-in. vacuum was found 
on page 104 to be 2009 indicated kilowatts. Under the standard 

conditions it will be about ^QO^ ^ ^^^ x 1.043 = 2035 indicated 
170 

kilowatts, which is a little on the low side. The vacuum correction 

of 1.043 is, moreover, a little too great, since Fig. 39 was prepared 

from the results of tests with turbines having a more liberal steam 

way at the exhaust end than has been assumed in Table VIII. 
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CHAPTER XIII. 

FLOW OF STEAM THROUGH GROUPS OF BLADES. 

Groups with CoNaxANT Steam Vklocity. 

AS has already been pointed out in Chapter VII., axial-flow 
reaction turbines are cotumonly divided up into a series 
of groups, or, as they are popularly termed, " expansions." In 
each group the blade height is constant, and in many cases 
each of the constituent rows of blades is identical in form and 
setting with its predecessor. In other cases the blades ai-e 
"gauged" 80 as to keep the velocity of the steam approximately 
constant from end to end of the group. As the steam jiasses 
through a group, it, of course, falls in pressure and expands in 
volume, and hence, if the speed of flow is to be the same at each 
row, the net area available for discharge must be progressively 
increased. This is accomplished by increasing the discbarge angle 
from row to row. Neglecting for the present the eflfect of clearance 
over the blade tips, this net area for flow is given by the relation 
n = A sin 0, where A denotes the area of the annulus between the 
rotor and the casing, and the discharge angle of the blades. No 
correction is needed for the fact that the blades have a sensible 
thickness, the thickness factor for blades of the Parsons type being 
unity. 

In discussing the flow of steam through a reaction turbine each 
group must be treated as a whole. Two cases arise accordingly, 
the equations for the flow and for the work done being different when 
the bladfes are gauged so as to maintain a constant steam velocity 
from what they are when it is the discharge angle which is kept 
constant. The simpler ease of the two is when the blades are 
gauged to give a constant steam velocity. 

Theory shows that the speed of inflow into a group is not inde- 
pendent of the blade speed, the velocity of the steam increasing 
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sliffhtlv the slower the speed of the blade. If we let S = — ^— — ,. 

° '' steam speed 

then, as is proved later, the speed of inflow into a group of blades, 

gauged so as to keep the steam speed constant, is given approxiDiately 

by the following relations : — 

i Steam velocity v.tt per Bocond. 



■ (23) 

■ (^4) 
0.6 226yHj' . . (2S) 






In the above N denotes the total number of rows, both fixed 
and moving, in the group, whilst U, denotes the heat accounted for 
in the group. If the- turbine is so proportioned that an equal 
quantity of work is done in each group, and if u be the total heat 
which would be converted into work in a perfect turbine with the 

same admission aud condenser pressure, then U^ = _ x reheat factor, 

where 6 denotes the total number of groups. An approximate 
estimate of the probable indicated efficiency ratio of a proposed 
turbine can always be obtained by reference to Fig. 43, page 50, 
and thence the reheat factor from Table III. For many purposes, 
however, it is sufficient to replace U^ by w^. where Ug denotes the 
theoretical available heat corresponding to the pressure drop in the 
group, as measured direct from the Mollier diagram. 

When ^, i.e., the absolute pressure in front of a group divided 

by the pressure behind the group, is of the order of \/2, the corre- 
sponding efficiencies are approximately as follows : — 
B Group efficiency. 

0.4 



0.66S,-!LZ4_ . 
h + 1.8c 


• (2«) 


0.717 , * " " 
A+ 1.8c 


■ m 


0.763 , '•;' . 

A + 1.8 c 


■ (28) 



where /( denotes the blade height and c the tip clearance, both in 
inches It is assumed in the above that the first row of blades is 
gauged to about one-third the pitch. 
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Table IX.— Profbbtiee op Steah ok Expansion fkou an Initial Prkssuek of 

154.8 LB. PKR SQUARE INCH ABSOLUTE WUEX TuRBE-TbNTHB OF TUB HeAT 
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2.878 


0.0328 


154.? 


190 


29.55 


0.414 


11.90 


5 


3.042 


0.0346 


145.6 


195 


31.62 


0.436 


11.04 


10 


3.215 


0.0366 


13T.0 


200 


33.80 


0.482 


10.23 


IS 


3.398 


0.0388 


128.7 


205 


36.21 


0.602 


9.606 


20 


3.692 


0.0416 


121.1 


210 


38.72 


0.630 


8.835 


25 


3.800 


0,0440 


1138 


215 


41.37 


0.668 


8.206 


30 


4.020 


0.0466 


106.9 


220 


44.21 


0.610 


7.626 


35 


4.253 


0.0496 


100.4 


225 


47.26 


0.674 


7.076 


40 


4.601 


0.0530 


9432 
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50.63 


0.742 
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45 


4.766 


0.0562 


88.56 
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0.0636 
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65 
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68.61 
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73.54 
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70 


6 371 


0.0764 


64.31 


260 


79.54 


1.324 


4.057 


75 


6.753 


0.0820 


60.27 


266 


86.16 


1.440 


3.712 


80 


7.163 


0.0882 


66.46 


270 


93.36 


1.668 


3.3881 


86 


7.604 


0.0932 


62.86 


276 


101.2 


1.78 


3.088 


90 


8.072 


0.0998 


49.49 


280 


110.1 


1.92 


2.814 


95 


8.671 


0.1066 


46.31 


285 


119.7 


2.12 


2.667 


100 


9.104 


01148 


43.32 


290 


130.3 


2.28 


2.343 
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2.52 
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0.130 
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3.10 
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3.96 


1.337 
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14.10 
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4.36 


1.119 
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4.74 
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1.006 
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17.12 
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21.58 
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20.07 
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337.0 
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0.270 


18.66 
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17.32 
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7.48 
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0.316 
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8.34 


6257 
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0.342 


14.91 
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9.32 


0.6540 


180 
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0.382 


13.86 
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0.6128 
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27.67 


0.396 
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Table IX., above, is sometimes useful for fixing the gauging 
required to maintain a constant steam velocity throughout a group. 
It is based on the assumption that the losses by friction, Ac., at 
any row, are equal to 30 per cent, of the energy liberated by 
the fall of pressure through the row. Considerable differences in 
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the amount of these losses do not much affect the volume corre- 
sponding to a given expenditure of available heat 

The expressions given on page 107 for the steam velocity are 
approximate only. The complete equation for the flow is 
(-LV VL^ 

V224/ jjjj _M Ti + y _ a(cos<x, + coa»,)1| + M (cos a, - coe a.) 

where m and M are coefficients, which for the usual velocities of 
flow may be taken as 0.89 and 0.50 respectively, S the ratio of 
blade speed to steam speed, oo the angle of discharge which would 
give the required area of flow with the steam at its initial speciflc 
volume, and a, the discharge angle for the last row of blades. 
This equation may be established as follows : — 
At the n}*" row of a group the energy which maintains 
the flow through it consists of two parts, viz., the kinetic energy 
carried over with the steam from the previous row, and, secondly, 
the energy liberated by the expansion of the steam as it passes 
through the blades. The carry-over of kinetic energy is equal 

to ~^ ft.-lb., where r denotes the velocity of the entering steam 

measured relatively to the row under discussion. This energy may 

also be expressed as [ -"-1 B.Th.U. 

The energy liberated by the expansion of the steam as it passes 
through the n^'l row may be denoted by (/„ B.Th.U., so that the 

total supply to the row is (*;p^^) + ?«. and this generates the 

velocity v with which the steam is discharged from the row. The 

energy corresponding to the velocity v is (-_ I B.Th.U., and this 

in the case of gauged blades is the same for all rows. Owing to 

frietional losses, &c., I , ) is always less than the energy supphed 

to the row, and we may therefore write 

V224^ ^ 1,224/ 

where M and m are coefficients, the values of which have been 

determined from the results obtained on the test of a large 

marine turbine. The steam speeds here were of the order of 
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200 ft. to 300 ft. per second, and an application of the method 
of least squares to the trial data gave M = 0.5230 and m = 0.9014, 
with a very small probable error. As, on the whole, it is better 
to take coefficients too small rather than too large, the values 
M = 0.50 and m = 0.89 have, as already stated, been adopted by 
the author. 

For the (n + 1)"" row we haVe a similar equation to that just 
found, viz., 

"imf *"■'■*• -{sij- 

Subtracting we get 

"*(?- + ■ -9..) = - M.^-~^-', 

which, with the notation of the calculus of finite differences, may 
be written in the form 

A(^„ denoting g„ + i — g„, and A?-]",., denoting r^ — tn-i- 

Now, if q, be the energy liberated by expansion in row 1, 
and 9s that liberated on expansion at row 2, and so on, we have 

?, = 9, + A y, 

ji = yi + A Yj = 5, + A ?, + 4 ?i 



= 9i + A ?i + A 7i + Ac. + A g, _ 



Now, the discharge velocity is the same at the first and the 
final rows, so that q, cannot differ greatly from 7,, and the 
curve obtained on plotting q against n must, of necessity, be very 
flat. Hence no appreciable error will be made if each of the values 
A Yj, A jj, &c., is made equal to a mean value Ag, say, where 



A, 



A 9, + A 9, + &c. + A 4, 



From the relation already found between A (y„ and A ? 
have therefore 

Now, from Fig. 49, Chapter X., it will be seen that 

^ _ .^ + g" _ '2v»co»a, 

where s denotes the blade speed. 
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Hence 






A r," = r,» - r„' - 2 v» (cos «. - cos a,) 




A ,-,» = r," - r,' = 2 fs (cos a, - cos a,). 




A,^, , = »i - ,*_, . 2ti«(cosa,., - cos a,). 


Hence 






A r,* + 4 r,* + A r," + Ac. = 2 v» [c(« a« - cos a.] 



Here a^ denotes the value of the discharge angle which would 
give the requisite area of flow for the steam in its condition in 
front of the first row of hlades, when it has the specific volume 
Vo, and a, denotes the discharge angle for the last row of blades 
when the specific volume is V^. 

The following relation subsists between a^ and a„ viz., 



In general V^ and V^ are both known, and if Oo be known or 
assumed, a, can be found immediately. 
We thus get 

' m \22i) N . 

and if we put s = B v, this becomes 



. M / u V n - fcoea, — coea,l 



We have the following values for the heat expenditure at the 
different rows : — 

Row JTumlcr. Heat Exi)eii{liturp. 

1 ?. 

2 9 + A? 

3 q + 2A9 



N 9 + (N - 1)49-. 

The successive values form an arithmetical progression, so that 
Up, the total heat expenditure in the N rows, is 
U, = U. -U,= Nj, + ^-iS^ ~ ^^ A?. 
Substituting the value already found for A y we get 

U, ■= U. - U, = No. - M (N - 1) (-^-\\ i (cos a. - cos a,). 

If we assume th« existence of an imaginary Row, No. 0, before 
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Row Xo, 1, we shall make no appreciable error in our deductions 
whilst making the mathematics more symmetrical. 
Id that case we have 

l2-2ij ^' \224j 

But, from Fig. 49, Chapter X., ante, we have if 8 = - ; 

V 

r,' = u" ( 1 + 3* - 2 3 COB «o). 

Hence 
Substituting this we get 

u, - (j^J [s - ^i* [■' + »■- ' <»»"• + »•«■)] + *.<(=«..- ™ ».)]. 

The last term on the right-hand side may, in practice, be 
neglected, in which case We get 

C^Y II 

N [i - -^ . {l + »■ - 8 (». - + CO. ..)j] . (.9) 
Taking m = 0.89 and M = 0.50, and putting cos o^, + cos a, as 
equal to 1.85, which is a fair average value, we get the values of v 
already given on page 107, equations (23) to (25). 

As an example we may take the case of steam supplied at a 
pressure of 154.8 lb. absolute before the first row of blades, and that 
it is intended that the steam speed in the first group is to be 240 ft, 
per second, the blade speed being 120 ft. per second. Then 

S - i?° - 0.5 
240 

Hence u ^ riioy ^ 

If the number of rows in the group be 26, we get 
U --= 26 X 1.039 X 26 = 27.01 B.Th.U. 
as the heat expenditure in the first group. 

From Table IX. it appears accordingly that the volume on 
discharge from the group wili be 3.878 cub. ft. per lb., the cor- 
responding pressure being 111.0 lb. per sq. in. absolute. If the 
angle of discharge for the first row of blades is taken as 18 deg., 
the angle a, of discharge at the last row will be given by the relation 
»;„ „ 3.878 



3 deg. - 0.4163, 

2.878 * 



SO that a, = 24 deg. 36 min. 
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Strictly speaking, a correction should be made for the effects 
of tip clearance, but the refinement is really unnecessary. 

If the blade height be I in., and the clearance 20 mils, the 

efficiency of the blading will be 0.717 x ^ ~J^-^^^ = 0.678, or, in 
•^ ^ 1 + 0.036 

other words, the indicated work done by the first group will be 

27.01 X 0.678 = 18.31 B.Tb.U. per pound of steam passed. 

The formulas above given for the eflficiency are derived as 
follows : — 

Neglecting, for the present, the eflTects of tip clearance, the 
work done by a pair of rows, per pound of steam passed per 
second, is {as shown in Chapter X., page 80, artte) 
'- U C03 a, + 1. cos a, - «] ft.-II.. 

y 
For the whole group therefore 

Now cos a gives so flat a curve when plotted against n that 
we may write 

S, cos a = .. . ( COS Oo + COS a-, |. 

Whence 

W = 1^ . ft. (uoa a. + cos a,) - *j. 

Putting s = & . V this becomes 

W - — '^. r8(cosa,+ co3a,) - J»'jft.-lb. 

- \:,-^r • [* («*^ 'C + coa a.) - ^'j B.Th.U. 
But 



w 

Hence the efficiency == is 

. s(co3ctfi + C OS a,) - ^ ^3Q, 

i _ ^^ . j"! ^ J, _ 3((.„g„g ^ cofia.jl 

Taking the values already given for cos o^ + cos a,, and for m and M, 
and allowing for the losses over blade tips, this expression reduces 
to the equations already given for the efficiency on page 107, ante. 
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The equations above established may be used to determine the 

output and the efficiency of the turbine of which the blading was 

got out on pa^e 95. The initial conditions were a supply of dry 

steam at 165 lb. absolute, whilst the exhaust pressure was equivalent 

to a 28-in. vacuum. Hence the theoretical available heat is 

321 B.Th.U. Allowing for a reheat factor of 1.067, the heat 

which actually becomes available is 342 B.Th.U., and the blading 

was proportioned so that this total was equally divided amongst 

the twelve groups constituting the turbine. Hence 28.5 heat units 

will be expended in each group. With the turbine running at 

1500 revolutions per minute it will be found on making a trial 

calculation of the steam speed by means of equations { 23 ) to ( 25 ), 

blade speed . 
p£^e 107, that the ratio 8 = . aTMip<j '^ practically constant 

throughout and equal to 0.5. 

Taking Group No. 1 , the specific volume of the steam in front 
of the group is 2.757, whilst on discharge its specific volume is 
(from Table VI., page 94) 3.780. Hence, if the discharge angle of 
the first row of blades is 18 deg., that of the last row will be given 

by 

sill 18° X 3.780 
am ». = 2.757 = 0-4240 

so that a^ is about 25° 10', and cos a^ is 0.9050. 
Hence 

CDS a, + COS a, =. 1.856. 

From formula (29) we have 

/ t» \ » _ 0.89 U 

V224/ " N . [1 - 0.5 {] + I?'- 6 (cos a. + cos a.)]]- 
Hence v = 251.5 ft. per second, if S = 0.5. 
Actually 

19 X V X 1500 
• = .q BQ — = 124.7 ft per second, 

so the true value of 8 is 0.496, which is near enough to the assumed 
value as to necessitate no correction of v. 

If the tip clearance is 20 mils, the blade height being ^ in., the 
efficiency of the group is from formula (27) 
0.75 - 0.020 
0. 75 + 1.8 X 0. 020 - 0.717 = 0.668. 

In the case of the last group of the turbine at the low- 
pressure end we note from Table VI., page 94, that the specific 
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volume of the steam in front of the group is 180.3 cul). ft. per 
lb., whilst the volume on discharge is 2!)2.4. Hence, taking as 
before 18 deg. as the initial blade angle we have 

180.3 
SO that a^ is 30 deg. nearly. 

Hence cos og + cos a, = 1.817. This is slightly less than the 
value assumed in deducing formulas (24) and (27). Taking S as 
0.5 we get, however, 

{j^Y^ _^-^?_1.1?:? 

1.224/ 4[I - 0.5(1 + 0.25 - i X l.Si7J] 
0.89 X 28.5 
" 4 X 0.830 

Hence v = 620 ft. per second, and as s = 309 ft. per second, 
the assumed value of S is again practically correct. 

From equation (30), pt^e 113, the efficiency is equal to 

A -_ c 0.89 [a (coe a, + cos »,) - ffl] 

h'+ec • i-0.5[l + 3*-a(c08<«, + cosij] 

Taking c as 0.085 in., and substituting the value above found 
for cosoo + cos a, . this gives the efficiency of the group as 0.687. 

If the efficiency of the other groups is calculated in the same 
way, we get the following vahies : — 



Group Number. 


Efficiency. 


C4roiip NhiuIk*, 


Effiduncy. 


1 


0.668 


7 


0.675 


2 


669 


8 


0.683 


3 


0.681 


9 


0.689 


i 


0.675 


10 


0.691 


5 


OC79 


11 


0.681 


6 


0.705 


12 


0.687 



The mean value is thus 0.682, so that, apart from the losses due 
to gland and dunmiy leakage, the efficiency ratio of the proposed 
turbine would be 0.726. These leakage losses can be approximately 
calculated, as already explained. Taking them as 4 per cent., the 
"indicated" efficiency ratio becomes 0.696, which, with a mechanical 
efficiency of 0.97, gives 0.676 as the brake efficiency ratio, a figure 
which is in good agreement with that obtained from the curve. 
Pig. 43, page 50. 
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CHAPTER XIV. 
GROUPS OF BLADES WITH CONSTANT DISCHARGE . ANGLE. 

THE problem of the flow of steam through a group in which 
the rows of blades are all gauged to the same opening is 
complicated and results in equations so cumbrous that the results 
are best expressed by tables and curves, such as have already been 
given in Chapters XI. and XII. 

The curves there used in computing the velocity of flow ioto, 
and the work done by, groups of ungauged blades have been plotted 
from equations deduced in the following way: — It has long been 
known that over a very considerable range the relation between 
the volume and pressure of 1 lb. of steam can be expressed with 
substantial accuracy by an equation of the form 
PV^ = constant. 

In the case of the group of a reaction turbine the ratio of 
expansion is never more than 2.5 at most, and is more commonly 
of the order of 1.29 to 1.70. Within such limits the law in question 
may be taken not merely as approximately accurate but as abso- 
lutely true. 

The value of the index y, when steam expands through a group 
of turbine blades, depends upon the efficiency of this group. The 
curve in Fig, 57 shows how, 
in the case of initially dry 
steam, 7 varies with difierent 
values of ri ; the three sets 
of points plotted correspond 
respectively to eases in which 
the ratio of the initial to the 
final pressure is respectively 
9, 81, and 243. It will be seen 
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that for such eflSciencies as are usual in turbine practice the index 
has but a small range of values. As one consequence of this, it 
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turns out, aa will be proved in the sequel, that the velocity of Bow 
of saturated steam through a group is almost indepeudeiit in practice 
of the actual law of the expansion within the group. 

The curve in question has been drawn for the case of steam 
initially dry. The index is however, to a certain extent, dependent 
upon the initial wetness of the steam, but any variation due to 
this is covered by the fact just stated. 

Premising that the law of expansion can be expressed as above 
set forth, consider a group consisting of n stages, half of which are 
constituted by the fixed rows and half by the moving rows. Let 
«i, Vt, Vt . . . v„ he the velocities of outflow .of the steam from the 
corresponding stages. 

Referring to Fig. 50, page 79, let A B = v-i denote the 
direction and magnitude of the velocity of the steam as it issues 
from the first row of guide blades, and let C B = a denote the 
speed of the blading. The momentum of each pound of steam 

as it issues is equal to — , and the component of this momentum in 

the direction of rotation is G B -^ (/, or 



Taking now stage No. 2, which is a row of moving blades, 
the steam issues irom this with a velocity which, measured relatively 
to the moving blfides, is given by the line HI = Vg. This, as stated, 
is a relative velocity, and the absolute velocity, in apace, of the steam 
as it issues is obtained by setting off I J = s and joining H J. The 
absolute momentum of 1 lb. of the steam as it issues is therefore 
equal to H J -r- ^. The momentum of this in the direction of the 
motion of the blades is — K J -j- g, which, it will be seen, is equal to 

_ fjCOH a - « 

This component is directed in the opposite direction to G B, 
and hence the total change of momentum parallel to the direction 
of its own motion, which the moving blades have effected on the 
pound of steam is 

GB + KJ _ i»iCOBa + qicoaa - t 

a 9 

By an elementary principle in mechanics, the force acting 
on a body is equal to the change of momentum effected per 
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second in the same direction. Hence, if iv pounds of steam pass 
through stage No. 2 per second, the force exerted on this mass in 
the plane of rotation is equal to 

^{C + ^IC.-.}. 

Since action and reaction are equal and opposite, this is also 
the force tending to rotate the wheel. 

The total rotating force exerted on a group is therefore the 
sum of a similar quantity to the above for every row of moving 
blades. This may be called the impulse on the group, and this 
impulse is therefore equal to 

where N denotes the total number of stages, which is, of course, 
twice the number of moving rows in the group. 

In passing through the various stages of a group the steam 
expands, and its specific volume V increases. If il be the area of 
the passage-way, the velocity v is given by the relation Y w = v il, 
so that the expression just given may be written 



:-{! 



where SjV denotes the sum of the specific volumes of the steam 
ijieasured at each successive stage. 

In general Y„, the initial volume of the steam, is known, as 
are also ^>y and p^, where p^ denotes the pressure on discharge from 
the group. 

If the law by which V increases stage by stage from V^ to V^ 
were known, the value of S" V could be readily found. The simplest 
assumption, no doubt, is that the value of V plotted against 7i gives 
a straight IJne, but this over-estimates the work done, since the true 
curve is convex towards the axis of n. 

A more accurate assumption is that 
v„ = v„^-, 
where /* can be obtained from the relation that V^ = Vq /*", or 
N log ^ = log p^ 



This makes 



-QJ 
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whence the impulse on the group is 



'-ar 



This, though a better approximation to the truth than the 
assumption that the relation between V and n is expressed by a 
straight line law, is still not satisfactory, and again over-estimates 
the work done ; because the assumed law V = V^ /*' makes the ratio 
of exiiansion the same for each successive stage. Since the volume 
of the steam increases, however, from row to row, more work is 
necessarily expended at each successive stage in forcing a given 
weight of steam through it, and thus actually the ratio of expansion 
muat increase from stage to stage, so as to provide for the 
additional energy required. 

An approximation to the true law of increase of volume can 
be established as follows : — It appears to be a reasonable assumption 
that the kinetic energy generated at each stage shall be approxi- 
mately proportional to the expansion energy* expended in the stage. 

The drop of pressure at each stage is small, and calling it 
^ P, the expansion energy accounted for in the stage, per pound 
of steam passed, may be taken as equal to VAP. 

The kinetic energy per pound of steam leaving the stage is, 

of course, equal to — . 

Thus, on the assumption above made,, we may write 

V a P = X . w", 

where x is some constant, but r'- is proportional to V* ; hence we 
may write 

V 4 P = ^ V=. 
or 

A P = ^ V, 

where is another constant. 

Assuming the relation between P and V to be P V* = constant, 

we thus get A P = i P ">, where / is some constant to be determined 
later on. 

Now A P is the decrease in pressure for a unit increase in 



* This may aleo be called the "available heat" espviided in the stage. 
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the number of stages, and the solution of the above equation is 

accordingly a problem in the Calculus of Finite Differences. 
An approximate solution can be obtained as follows: — 
Obviously, if P,, be the initial pressure, and P the pressure 

behind some stage N, we must have 

i'„ - p = 2|ap 

the total pressure differencse being the sum of the pressure 

differences at each intervening stage. 
We may write, therefore, 

P„ - I' = i"A ]' = ;2' P ^. . (31) 

Suppose the ordinatcs in Fig. 58 represent successive values 

-1 p 1 . 

of P Y, then X P"t is equal to 

the area of the dotted rectangles 
shown. This area is, in its turn, 
practically equal to that of the 
curve A E G C, less the rectangle 
A B C D, plus the rectangle 
EFGH. 
Since 



\£ i 



_- _- Fw. 68. 

A C = r„ i-, ftinl E G = P !■, 

the rectangle AD is numerically equal to ^ Po"*, and the rectangle 

EH to i P"i 

Hence from (31) we get 

1'. -P = i('ami.\K(:C + iP '■-JP. M-'fl" ''dn + ^-P * - |p, \ 
Differentiating with regard to »t we get {since P,, is constant) 



= ^P 



. P 



Multiplying by PV this equation may be written 

dn 27' ' dn 

On integration this gives 

r +J 
-^1L_ . I' * = ;« - -l.log P + A . 
7 + 1 27' 

wliere A is the constant of integration. 



(32J 
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To determine I and A, we note that when n = 0, P = P^, and 
when n. = N ; P = P„, Po and P, being respectively the initial and 
final pressures of the steam. 

We thus have 

■ (33) 







_ f 


Po ■ 


' = _ * 


log^ P, + A 






1 + i ' 




2, 




ind 






,4-1 










- .I-.p 


1 


-JN-i- 


. 1(^ P. + 






1 + 1 




2, 


• 




Subtracting 


we get 










'l^^l 


(log, P. - 


loB, 


^■']-,-i 


,{p.^- 


vhi< 


A if P« - X. 


, may be 


written as 





'(''-2^'»«,')%-I-i--' {'-(.;)'}■ 

But if Pt be the ratio of the volumes at the beginning and end 
of the expansion, we have 

ft. - «, y 
and thus we get 

Substituting tbis value for I in equation (33) we get 



A- JL, 
?+ 1 



U + ilog,/.. 2 J. J 



Hence, substituting in equation (32) the values found for A and I, 
and letting P denote the pressure after any stt^e n, and if also 
p , y 

— = X, whilst ^=^ = p, the following relation subsists between 

n, X, and p. 



(34) 





« + i loR, » ^-^i 




1 '^'^ 


lich, since p = a 


;t, may also be written 




« + iiog.. '-(v)"" 

N + il«8.c. ", 1 
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The way the volume increases from stage to stage within the 
group is well shown in Fig. 59, where the ratio of expansion has 
been plotted t^ainat the number of the row. 

For many purposes the logarithmic terms on the left may be 
omitted, and we may write simply 



The object at issue in deducing equation (34) has been to evaluate 

s'v. 
Since V = p Vo, we may write 

sV = V, sV 



nuasm vm»amm**tmnf tuau 




Fig. 59. 

Suppose the successive values of p are plotted down against n, as 
in Fig. 60, then the value of 2 p is equal to the area of all the 

dotted rectangles, which, it will be seen, is practically equivalent 
to the area of the curve S T V N, minus the rectangle S U, and plus 
the rectangle V W. Hence we may write 

V ° J/''" "'' *^'' ~ '^^' 

To find/ /> dn, differentiate equation {ZA), supra, with respect to u. 
This gives 

N + JloRft _ 



N + i log /., 
l>dn — _i_ .(7 + l)/" 
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N + J log ^. 



-■•"I-'i 



N + J log p J 



Since p* = X, we get finally 

V- r rf„.i 1 ^+^'''8/' 7+1/', U 

Jt , i 1 \ ^J 



Values of 



for different values of x are given below, and this expression we 
niay conveniently denote by b. Up to values of x = 3, the value 
of b is, with such ranges of turbine efficiency as are usual in prac- 
tice, nearly independent of variations in the efficiency ij of the 
turbines. 

Thus comparative values of b for values of 7, equal respectively 
to 1.108 and 1.0675, are as follow:— 

Pressure ratio, x, = 1.25 1.50 2.0 2.5 

6 (7 - 1.108) 1.1000 1.1796 1.2986 1.3836 

b(y- 1.0676 1.1039 1.1868 1.3108 1.3993 

From Fig. 57 it will be seen that 7 = 1.108 corresponds with 
steam, initially dry, to an efficiency of about 77 per cent., and 
7 = 1,065 to one of about 29 per cent. The difference between the 
corresponding values of b is, it will be seen, very small, even for 
pressure ratios as high as 2.5, whilst in practice this pressure ratio 
is commonly not much more than \/2, 

As proved on page 118, ante, the impulse on the blading of 
a group having no tip leakage is equal to 

5 Lo ■ ' 2 J 

and S' V = Vo £ p, which, from the foregoing, is equal to 
Vo (N + J log, f,) h cosa. 

Hence the impulse may be written in the form 

■^L'tt' •(" + i '"8, (■)»!»•«- y]- 



y Google 



124 STEAM TURBINKS: 

But ? = Vo, the velocity at entrance, so that finally the 

impulse on the group is 

w r N<-T 

-[_iv(N + ilog^ /.)fccoB« - -g-J ■ 

The work done per second is equal to this impulse multiplied 
by s, the blade speed. Whence W, the work done per pound of 
steam passed per second, is given by the relation 
W = ■ 1^0 (N + i log^ /.) fi cos a - ^'1 

It now remains to find an expression for the value of v^, the 
velocity of the steam at entrance. 

The energy tending to produce flow through any row of bladra 
of the group is equal to the energy developed by the expansion 
of the steam as it flows through a row, plus the kinetic energy 
carried over from the preceding row. 

Let 2„ denote the expansion energy at any row n expressed in 
foot-pounds per pound of steam passed, and 

the kinetic energy " carried in " to the same row. 

The kinetic energy of the steam as it leaves the row is equal to 

and we have then the relation 

si -""• + " If' 

where M and m are coefficients to be determined from experi- 
ment. 

Then if v^_i be the velocity of outflow from row {n — 1), and 
s be the blade speed, we have from Fig. 50, p^e 79, 

r^,_, = i^,-, + ^ - 2««„_, coa a,. 

We thus get 

^ = mj. + ^ . p_ +j"-2.«,_, coacl 
2? *■ 2? L J 

Putting 

V. = p, V, 

we get 

2g 2g 2ff L J 

Now, since experiment has shown that former ideas as to 
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hydraulic shock are erroneous, we may take M as practically 
constant for every stage. 

It is convenient to assume that there is a " carry-in " of energy 
even in the case of Stage No. 1, and to put this as equal to 

The error involved at the most is very small, and the assumption 
makes the mathematics more symmetrical. 

Adding up the values of ^'' for every row, we get 



"^g 



'S,?. 



2? L ° ° J 



On page 123, ante, it was shown that the 

and, similarly, by reference to Fig. 58 or Fig. 60, it will be obvious 
that 

and po is, of course, equal to I. 

Again, the figures in question show that 

2^/)* is equal to I f^dn - }(/'', - 1), 
and, similarly. 

The value of pdn has already been found, and is equal to 
& (N + i log^ ft) - ^"-^. 
Hence 

To obtain the value of I p'dn we get from pt^e 122, ante, 

, N + ^ lot[ /., , _ 

dn+^'= -^ iy+\).^ ^ *d,. 



Whence 



N + J log /., . 
»*(/n + J/.d/. = ^ (7 + 1) ./' dp. 
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Substituting this value in our equation for —^ we get 

1 - ?i 
<|(N + JH_rtt±J.-"^+J(/.-l)| 

f ,"'-'■= 1 

<■>. * '^ ■ r * *'°"-"'r^l ■ rri" -'<'•-» + "H, (», 

- 2 Jit^cosa (6(N + i 1.^^^) - /.. + ftl I 

Now S </„ is the total work done in expansion. 

We have thus obtained a rational expression connecting together 
the steam-speed at entrance to a group, with p the total ratio of 
expansion in the group, s the blade speed, and N the number of 
rows in the group. 

It was stated above that the value of this velocity was very- 
little affected by such variations in the value of 7 as occur in 
practice, and this is well shown by Table X., in which comparison 
has been made between the value of v„' when 7 = 1.0G75 and its 
value when 7 = 1.108. The former value of 7 corresponds, as shown 
by Fig. 57, to a turbine efficiency of somewhere under 30 per cent., 
and the latter to an efficiency of about 77 per cent. As will be 
seen, the two sets of figures are in very close agreement, the 
extreme range in the value of v not exceeding about 1 per cent, 
even for large values of x, and being nmch less for such values 
of this ratio as are usual in practice. 

With the formulas above established it is possible to determine 
separately the output and efficiency of each group of a reaction 
turbine in practically the same way as the corresponding figures 
are obtained in designing compartment-compounded impulse turbines. 
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Tarlb X.- 


-VALDB8 


OF v„ FOR DlFFERKNT CoNUlTIONS OF ExPAKBEOH, ItLAUE SPKBIl 

AND Number of Rows. 


- 


i = f . 


0.4 


0.6 


0.8 


X = I.2S 


j.^„ /? = 1.0676 
^ = ^ iy = 1.108 

^ - •*"\|y = 1.108 

.. . /i 7 = 1.0675 
^ =^ l| 7 = 1.108 


}".'-/vV. x{ 


312.70 
313.83 


282.92 
283.93 


267.09 
268.11 


l , ,,- r 65.555 


58.911 

58.890 


55.020 
54.965 


X -^ 1.50 - 


la ,, i 469.50 
/"" =;'"^" ><\| 474.68 ■ 


427.68 
429.40 


403.90 
408.29 


N = 30{ 


y = 1.0675 
7 = 1.108 




102.88 
103.24 


92.510 
92.851 


86.172 
86.546 


-H 


K = 6 1 


7 = 1.0675 
7 = 1.108 

7 = 1.0676 
7-1.108 


600.00 
611.26 


553.74 
563,57 

127.98 
128.60 


525.30 
534.46 


N = 30( 


}».' = PgV, x| 


141.68 
142.39 


119.08 
119.69 


, J 


X = 6 1 


7 = 1.0675 

7-1.108 

7 = 1.0675 
7 = 1.108 


}V = PoV, x| 


633.14 

648.84 


591.01 
604,80 


563.92 

576.81 


1 


)''o^ = P.Vox{ 


160.02 
160.94 


145.25 
146,06 


135.30 
136.11 



In making such a calculation, however, it will be found in every 
way preferable to start at the exhaust end and work backwards. 
The fact is that large variations in the vacuum hardly affect at all 
the inflow, into the first group of a reaction turbine of the usual 
type, under a given initial pressure. Conversely, very small 
differences in the weight passed, under a given pressure, through 
the first row of blades, correspond to very large differences in the 
final discharge pressure from the last group. 

Starting from the high-pressure end and computing the turbine 
group by group down to the exhaust is almost analogous to working 
with a divergent series in algebra, whilst if the computation is 
started at the exhaust end, the operation may be likened fco the 
use of a highly convergent series. In making such a calculation 
the curves plotted in Figs. 53 to 56, page 98, may be used. 
These are all based on the condition of the steam on discharge 
from a group in place of its condition at entrance. They have 
been derived directly from equations (34) and (35) by taking 7 as 
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1.108. For those who wish to plot the curves to a larger scale, 
the values of the coefficients are given in Tables XI., XII., and 
XIII.,* on pages 129 and 130. 

Having obtained the value of v^. as in the examples worked 
out in Chapter XII., ante, the work done by the group is obtained 
from the formula 

^h ■ sh ■ {'-^ <" -^ i-'>'>">8-)— - t)' 

where B is taken from the curve plotted in Fig. 56. 

This value of B is obtained from the same formula as was used 
to find h, as tabulated on page 123, by substituting the conditions 
at discharge for those at entrance to the group. 



* In plotting such curves to a large scale the use of formul» of interpolation is 
often very convenient, as it is not always easy to get a cuTve or a spline to fit the 
tabulated values when widely separated. The most useful of these formulte ia as 
follows 1— If y„ yi, y^, and y, be four consecutive values of y, for four equidistant 
values of x, which may be called x^ i,, x^ and x„ then the value of y, corresponding 
to Xii — i.e., to a value of sc, midway between x, and x^ — is 

yi.. = 1% (yi + Vt) - tV (yo + y.)- 

The calculation is moat conveniently made as follows: — Add y, and y, &nd take the 
mean. Call this mean y. Also add yg and y^ and take the mean of these, calling 
this second mean y' ; then the required value of y,„ is y + ^ (y - y'). This formula 
was published as new in the Complea Rendvs in 1911, but had previously been given 
in Enqihbsrino, vol. Ixiii., p^e 398. It is easily deduced from Lagrange's fonnula 
of interpolation. As an example, suppose a value of (Table XI.) is needed for 
X - 2.126 and 3, - 0.2. We have from the table, y„ = 1.1559, y, = 1.6390, y^ - 
2.1689, y, =. 2.7460. 
Then 



1.1569 + 2.7460 



Hence the required value of y is 

y^^ = y + ^ ~^ = 1.9040 - 0.0059 = 1.8981. 

If the values of x are not equidistant, then we may calculate a;,, corresponding 
to the above value of y,., by an exactly similar formula — viz., x,,e = x + — q— ■ 

Obviously the formula given above cannot be used to calculate, in the case of 
Table XI., say, values of y corresponding to a: = 1.375 or a: = 2.375, but for these 
we may use the formula 

!/.. -iV [y. + .iy. -j. + l'J- 
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Tablk XL— Standard lii^DBS. Valuem of <p and /i fou I'iahtikg the Oubveh 
IN Fig. 53. 



Values 


of 1 














P. 


1 


1.25 


1.6 


1.75 


2.0 


2.25 


2.5 


J. - 0.2 


I 


0.3344 
0.4167 


0.7206 
0.7526 


1.1559 
1.0491 


1.6390 
1.3211 


2.1689 
1.6836 . 


2.7460 
1.8260 


t, = 0.3 


t 


O3016 
0.3619 


0.6484 
0.6498 


1.0386 
0.9006 


1,4722 
1.1282 


1.9486 
1.3468 


2.4683 
1.6478 


S, - 0.4 


t 


02789 
0.3216 


0.6000 
0.5743 


0.9625 
0.7938 


1,3670 
0.9931 


1.8144 
1.1851 


2.3071 
1.3600 


S. = 0.5 


I 


0.2630 
0.2909 


0.5674 
0.5183 


0.9137 
0.7361 


1.3040 
0.8955 


1.7404 
0.9479 


2.2262 
1.2290 


i. - 0.6 


( * 


0.2522 
0.3672 


0.5468 
04757 


08859 
06573 


1.2734 
0.8238 


1.7130 
09868 


2.2112 
1.1378 



Tablk XII.— Sbmi-Win 



BLADEa VaLUBS of AND /t FOR PLOTTIKO OuRVBS 

IN Fig. 54. 



ValnoB of 



K = 0.3 I * 
3, - 0.5 I * 

K - o.e/ ^ 



0.7419 1.2042 

0.7847 1.1059 



0.6318 1.0307 

0.6179 0.8718 



0.6014 
0.6671 



0.9917 
0.8032 



1.7244 
1.4073 



1.4885 
1.1132 



1.9558 
1.2555 



1.9702 
1.1968 



2.9004 
1.9568 
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TaBLB XIII,— WiNQ BlaDBB. VaI.UBS of AND II. FOB PLOTTING THB GURVBB 
IN FlO. 5S 



Viiluea of \ 

-I I 



0.3555 I 
0.4494 ; 



0.7693 

0.816H 



1.2388 
1.1523 



1.7632 I 2.3419 

1.4700 I 1.7838 



. 0.3 




0.3279 
O4022 


0.70«9 
0.7279 


1.1400 
1.0156 


. 0.4 


« 


0.3096 
0.3C80 


0.6706 
0.6650 


1.0831 
09285 


. 0.6 


* 


0.2977 
0.3426 


0.6481 
O620O 


1.0530 
0.8676 


= 0.6 




0.2912 
0.3243 


0.6389 
0.5888 


1.0466 
0.8277 



1.6260 
1.28S6 



1.5160 
1.0995 



1.6238 
1.0555 



2.1730 

1.5499 



2.0748 
1.2865 
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CHAPTER XV. 

RADIAL -FLOW REACTION TURBINES. 

IN the case of a radial-flow turbine, such as the Ljungstr6m 
machine, of which a detailed description is given elsewhere in 
this volume, the passage of the working fluid through the blading 
is in part due to centrifugal forces, and thus the simple diagram 
of velocities which suffices for the analysis of an asial-flow machine 
requires to be replaced by another method of treatment. 

Provisional estimates of the output and capacity of a radial- 
flow machine may, however, be made in the same way as with 
axial-flow machines, by means of the formula given in Chapter VII., 



„ rd-\» rR.p.M,-i' , 
'•■LToJ-Liob-J-' 



Here, however, d is to be taken as the outer diameter in inches 
of the smallest ring of blades, R.P.M. denotes the number of 
revolutions of one disc taken relatively to that of the other, and N 
the number of rows which would be required on one disc for a 
given value of the coefficient x if all these rings had the same 
diameter d. If \ be assumed as 180,000, which, from the curve. 
Fig. 43, pf^e 50, will correspond to a brake efficiency ratio of 
somewhere about 74 per cent., the value of N, taking c? as 10 in. 
and R.P.M. as 6000, is 50. In that case, the velocity of inflow 
through the first row of blades is, as a rough approximation, given 
by the semi-empirical relation already used in Chapter VII., viz.:^ — 

t. = ?^ = 380 ft. per second n&irly. 

From this the steam-way needed at the first row can be determined 
in the usual way. 

Actually, of course, the different rings of blading are necessarily 
of different diameters, so that the numbers of rows really required 
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will not be N, but a much smaller number, Ni say, which is given 
approximately by the relation 

a 
where D denotes the outer diameter of the outermost ring. If 
this be 30 in., for example, we get 



N, . 900jtJO O + 1600 , 5000 _ J (900 - 100), 



whence 



' 2600 

80 that eleven rings of blades per disc would suffice to give the 
high coefficient of 180,000. 

Having thus obtained the general dimensions of a radial-flow 
turbine, its performance can be analysed in detail by making use 
of the relation between torque and changes in angular momentum, 
which are given in treatises on theoretical mechanics. 

Suppose, accordingly, that a pound of fluid is delivered per 
second from a ring of fixed blades with a velocity of outflow equal 
to U|. Then this velocity can be resolved into a tangential com- 
ponent ti = V, cos a, where a is the blade angle at discharge, and 
a radial component ai = u, sin a. The tangential momentum of the 

pound of fluid as delivered will be equal to - (i, and if r^ be the 

radius of the discharge edges of the blades, the moment of this 
momentum about the centre of the shaft will be 

s 
Similarly, when the fluid is discharged through the next row of 

blades, its absolute tangential momentum will he - t^ ?■;, where t^ 

denotes its new tangential velocity, which, as this row of blades is 
moving, will be given by the relation 

(, = »i cos a — rj ai, 

where a> denotes the angular velocity of the disc. 

Generally tj and t^ will be directed in opposite directions, so 
that the change effected per second in the moment of momentum 
of the pound of fluid will be 

1 . ((, r, + (, n). 
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Now by a well-known principle in theoretical mechanics this 
is numerically equal to the torque T, which has acted on the pound 
of fluid during ita passage from r, to r^, and since action and 
reaction are equal and opposite, this represents also the torque 
acting on the moving row of blades. The work done by this row 
per pound of fluid passed per second is therefore 

W = T«= -((, r, + <, r.) ft-lb. 
9 

The equations governing the flow of the steam through the 
blading are perhaps most easily established by equating the total 
energy of the steam before it enters a row of blades to the work 
it does in the next row plus its total energy after discharge. 

Thus, let Hi be the total heat, measured in foot-pounds, con- 
tained in 1 lb. of steam as it issues from Row No. 1, which may, 
without loss of generality, be considered to be a fixed row. If ita 

velocity on issue is i',, its total energy is Hi -h „— ■ If H^ be its 

total heat on discharge from Row No. 2, and I its then absolute 

velocity, its total energy on discharge will be Hj +-h^ ■ At the 

same time as No. 2 is a moving row, work has been done by it 
equal to 

y (n 'i + ^ ^j - y (n V, COB « + r, r, COB « - r," «j . 

Hence 

H, + 2-y = H, -H 2^ + (r, i., cos oc + r, .^ cos a - r,« «) ^ 

Since 

l^ =-. V^ + 1^ T^ - 2 i-j tia . w . COS a. 

This reduces to 

Hi -H ^ = Hj + ~- - -* — + - . I-, II, cos a. 

This equation holds whether there are frictional losses or not 
in Row No. 2, since any such friction goes to increase the value 
of Hj. Let Hj' be the value which Hg would have if there were 
no frictional losses. Then we get 

H| -H "' - = H,' -1- ^^ - '-^-^ + " I'l «i cos a -F friction, 
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The frictional losses are equal to 

(1 - m)(H, - H,') + (1 - M) X the "carry-over" 

from Row No. 1, where m and M are coefficients. 

This "carry-over" from the first ring taken relatively to the 

second is equal to 

T— ("i' + f 1* «■ - 2 «i rj . w COS a). 
2g 

Substituting this value and rearranging the terms of our 
equation we get finally 

^ ' ^' 2g 2g 2g 2g^' ' 

If we next take a fixed row, say Row No. 3, the total energy 
of the steam on discharge from Row No. 2 is as stated above. 



2-/ 2g Ig 

whilst on discharge from Row No. 3 its total energy will be 
Hg + ^". Since the row is fixed, no energy is abstracted in the 
form of work on the shaft, and we thus have 

As before, let H3' denote the value which H, would have if there 
were no frictional loss. Then 



\2? 2? 



= H,i + 'i- + (1 - j«)(H, - H,>) + (I - M) X "carry-over" 
2y 

from Row No. 'I. This carry-over from Row No. 2 is 

«j' + «* rj* - 2 r, r, tv cos a 
2? 

Hence, on substituting this value and rearranging, we get 

m (H, - H3') = g - ^K + T*^ - 2,-,r,^co««). 

Forming similar equations for each row, we get 

2 y tn (Ho - H,') = »,' 

2j;»n(H, - Hj') •■ t^,' + r,'iu' - r/ai' - M (vi' + r,'io' - '2vir,«cos«) 

2pm (H, - H,') - V - MK + r.'w' - 2«^r,».coB«) 

2ffm(H,.B- H',.,) = u",_, - M(ir',_,4- r',_tu' - 2 ». _,. f-,_,«coBa) 
2s»m(H._, - H',) = v*. + r:_,.m' - H*. c-* - M{i>',., +r»,.X- 

The sum of all the quantities on the left is equal to the total heat 
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enei^y theoretically available in the turbiDe multiplied by the reheat 
factor. If this total is equal to U heat units, we have, finally, 

2yJ.m.V = i.rf + iJ'. 2^t.-n - w" 2 »^t. -"m 2 V. + r'.u' - 2r,D„«.coBo) 

In applying this equation two cases naturally arise. Thus the 
blade may be of constant length, or else have its length adjusted 
so that the ratio of blade speed to steam speed is constant throughout. 
Where feasible this latter arrangement is obviously desirable, and it 
is that which will be considered here. In that case we may put 
V = Gr, and we then get 

2ffJ.m.U-C2»^+W£r',.+,-«*'2^,.-M(C-f-fti"-2C«)2r', . . (36) 

As an example, assume the steam to be supplied dry and at 
165 lb. absolute, and exhausted at 28 in. vacuum. Then the heat 
theoretically available is about 321 B.Th.U. If the reheat factor 
be 1.057, we get for U, the total heat, which becomes available 
during the passage of the steam through the turbine, TJ => 1.057 x 
321 = 339 B.Th.U. per lb. 

We shall, as before, take m = 0.89 and M = 0.50. 

It is convenient to take the pitch of the rows in even dimensions, 
BO that we will take the radius of the outer row as 15^ in. instead 
of the 15 in. originally assumed. This will slightly increase the 
coefficient \ and, consequently, the efficiency ; though with such a 
small change as this the alteration will not be great. 

If the pitch be taken as uniform at ^ in., the various summa- 
tions in equation (36) can be easily effected by means of the calculus 
of finite differences ; but with such a small number of rows, this is 
hardly worth while, and it is really simpler to tabulate the quan- 
tities involved as below, and add them up direct, as in Table XIV., 
on page 136. 

Since the radii have been taken in inches instead of in feet, 
the totals arrived at should be divided by 144, but it is simpler 
to multiply the left-hand side of equation (36) by 144. We thus 

get 

144 X 64.4 X 778 x 0.89 x 339 
= 2632.76 C~ w" [1322.76- 1210]-0.60x 2292.50 [C + .-"-C « to« a] 

.-. 144 X 64.4 X 778 x 0.89 x 339 
- 2532.76 C-w* [1322.76 -1210] -0.50 x 2292.50 [C + w" - C « cus a]. 
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Table XIV. — Calculation of RiU)iai>Flow Tubbini. 



No. of Roi., 


RadiuB of Ring. 


[RmUinofRingf. 


[Odd Endiif, 


[Evm auiii]". 


1 


6"o 


26.00 


26.00 


aq. in. 


2 


5.5 


30.25 




30.26 


3 


6.0 


36.00 


36.00 


— 


4 


6.S 


42.26 




42.26 


S 


7.0 


49.00 


49.00 


_ 


6 


7.5 


56.26 




56.25 


7 


8.0 


64.00 


64.00 


_ 


8 


8.5 


72.25 




72.26 


9 


9.0 


81.00 


81.00 


_ 


10 


9.5 


90.25 




90.26 


11 


10.0 


100.00 


100.00 


_ 


12 


10.5 


110.26 


... 


110.25 


13 


11.0 


121.00 


121.00 


_ 


14 


11.5 


132.26 


... 


132.25 


16 


12.0 


144.00 


144.00 


_ 


IS 


125 


156.25 




166.25 


17 


13.0 


169.00 


169.00 


_ 


18 


13.5 


182.26 


... 


182.26 


19 


14.0 


196.00 


196.00 


_ 


20 


14.6 


210.25 




210.25 


21 


15.0 


226.00 


226.00 


_ 


22 


16.6 


240.26 


1210.00 


240.25 


Total 




2632.75 


1322.76 



If the relative motion of one disc to the other is 6000 revo- 



lutions per minute, then . 



: 6000 



= 628.8. Hence, if a 



taken as 20 deg., the above equation reduces to 
1,570,000 = C- 294,260 + 1038,9 C. 
Whence 

C = 940, 
Hence the speed of inflow through the first row of blades is 
940 X -^2 = 392 ft. per second, as against 380, given by the approxi- 
mate rule. 
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The indicated work done per pound of steam passed is equal to 



«rSr.co«a^«.2r,n .... (37J 
9 L> ""^ J 

940 X 0.9397 x 2632,75 - 638.3 x 1322.751 ft.-lb., 



Putting V = »■ C. 
This becomes 
628.3 r 

144 X 32.2 [ 
or 244.9 B.Th.U. 

Hence, if there were no leakage losses, the indicated efficiency 
ratio would be 

2^-H = 0.763, 
321 

which agrees very well with the brake efficiency ratio deduced from 
the curve, Fig. 43, page 50. 

No allowance has, however, been made for leakage losses ; 
but, as against this, it will be remembered that the values of m 
and M were purposely taken a little small, and further that both 
coefficients probably increase with increases in the steam speed. 
Hence the detailed calculation and the curve may be considered to 
be in very satisfactory agreement. 

From equation (37) it is evident that the efficiency will be a 
maximum when 

Ccoflw.ir' = 2«2< 

which in this case gives &> = 846 radians per second. The corre- 
sponding best ratio of blade speed to steam speed is about 0.9. The 
coefficient >- would then be about 340,000, and the corresponding 
indicated efficiency ratio would be brought up to about 82 per cent. 
The use of superheat would, as is well known, increase this. 

It waa assumed in the foregoing that the blade lengths were 
adjusted so that the blade speed was a constant fraction of the 
steam speed. This adjustment is best made by means of the approxi- 
mate equation to the expansion of the steam, viz. : — 

Initially we have p,, = 165, and V^ = 2.757 cub. ft. per lb. 
As originally supplied, the steam had a heat content of 1192.9 B.Th.U. 
per lb. Of this total energy, 244.9 B.Th.U. were removed from 
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the steam as useful work done by the blades, so that on discharge 
the heat content of the steam was 1192.9 - 244.9 = 948 B.Th.U. 
A reference to the MoIHer diagram, Fig. 7, facing pt^e 8, shows that 
the steam was therefore about 0.842 dry, so that V, = 340 x 0.842 
= 286 cub. ft. per lb. The exhaust pressure being 2 in. absolute, 
we have p, = 0.98 lb. Hence, to determine 7, we have 

0.98 X -'Sey - 165 X 2.757 '', 

SO that 

log 165 - log . 0.»8 
^ " log 286 - log 2.757 " '■^"■*'- 
The total energy developed by the expansion of the steam is 
then equal to 

y 1.1041 

^, . (P. V. - p. Y.) - TOJl ''• ^- (' - *■ >• 
.where P denotes pressures in pounds per square foot. 

Now from the fact that the ratio of the blade speed to the 
steam speed is kept constant it will be obvious that the total energy 
expended after passing through the nth row is equal to 

r," + r« + &c. + r,» 0.1041 ^'' ^" ^^ ^''' 



Whence 



Therefore 



280.28 _ 



454.90 
0.38386 2 r> 



0.61614, 



Hence the value of A corresponding to Row No. 8 i 
0.38386 X 375.00 ^„,^,,^ 

2632.75 

Similarly, 



= 0.80146. 



The volume of the steam at any point is then given by the 
relation 
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Hence 

V, = 4.837, and V„ = 23.11 cub. ft. per lb. 
The steam speeds at the corresponding radius are equal to 

— ^— if r be taken in inches, so that, since C was found to be 940, 

12 

we get 

«, = 665 ft. per second, t>„ = 979 ft. per second, and t^ = 1 173 ft per second. 

The area available for flow at any ring is, of course, 2 "rrrham a, 
where h denotes the blade length. The corresponding steam speed 
is Cr. Hence, if w be the weight passed per second, we must 

have at every row 2 it r h sin o x C r = w V. Hence h varies as — . 

If for convenience we assume an imaginary row corresponding 
to a radius r^ = 4.5 in., then, if ^ be the length of blade which 
would be required here, we have 

V V„ 72.25 2.757 

" ^ 156.25 2.757 

^ " 240.25 2.7B7 

Intermediate values may be found with sufficient accuracy by 
drawing a smooth curve through ha, h^, ki^, and h^. 

In the foregoing it has been assumed that a " double-rotation " 
turbine can be replaced for the purpose of calculation by a "single- 
rotation" turbine running at double the speed. This is true every- 
where save at the first and last rows of blades ; but unless special 
provision is made, the loss at the last row by "carry-over" to the 
exhaust will be greater with the double-rotation type than with the 
equivalent single-rotation turbine. 
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CHAPTER XVI. 

THEEMODYNAMIC PRINCIPLES. 

IN 1824 Sadi Carnot conceived the ideal heat engine of niaximuin 
efficiency of which the working cycle ia fully described in most 
text books on ordinary steam or gas engines. 

By using this ideal engine as a basis for discussion, it is easy 
to show that when a working medium receives heat at the absolute 
temperature T, the fraction of this heat which is available for 

T — T 
conversion into the form of mechanical work is equal to — m — - 

where Tj denotes the lowest working temperature measured on the 
absolute scale. Thus, when steam is produced from boiling water, 
the latent heat L is added at a constant temperature, so that the 
fraction of this latent heat which is available for conversion into 

work is L (^ — ■') 

This may also be written in the form 

L - T, . ^ ■ 

The quantity =- is known as the increase of entropy due to 

the heat added in the process of evaporation, or more shortly as 
the steam entropy, and may be denoted by <t>t. 

In general, however, when heat is added to a working medium 
the temperature does not remain constant. 

Thus, taking water at freezing point, this must be raised to 
the temperature T, before evaporation, under the pressure corre- 
sponding to this temperature, can proceed. At any given instant, 
during this process of warming up the water, let the temperature 
be T. If this temperature be now raised by the very small 
amount d T, the heat which must be added to eftect this rise is 
equal to <7 ■ dT where »■ denotes the specific heat of the water at 
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the given temperature T. Of this total amount, only tKe fraction 

-^) is available for conversion into mechanical work. 

Hence of the total heat added in heating up 1 lb. of water to the 
temperature of evaporation, the amount available for work pro- 
duction is 



IT (\ 



\ ffrfT-T,l 



' ■ \- ■ . ■ . (38) 

Where T, denotes the temperature at which the steam is finally 
eva])orated, and Tg, as before, the lowest working temperature. 
Obviously 

\ a ^ T - A, - A, 

Jt, 

Where hi denotes the sensible heat of saturated steam at T,, and 
ht the sensible heat of saturated steam at the temperature Tj. 

The term I <r ■ -m- is known as the increase of entropy due 

to heating 1 lb. of water from the temperature Tj to the 
temperature Ti, and may be expressed as <t>t, — ^i, where ^i, denotes 
the increase in entropy due to heating up the water from freezing 
point to Ti, and ^i, the increase in entropy on heating 1 lb. of water 
from freezing point to Tg. More briefly ^i, is the liquid entropy at 
T, and ^j, the liquid entropy at T^ Values of in are tabulated for a 
number of different temperatures in Table XV., page 142, as well as the 

corresponding values of i^, = — . The term ^ is known as the 

total entropy of the pound of steam, and is given by the relation 
if, = <f,i +>!>,_ 
It thus appears that with dry saturated steam supplied at a 
temperature T„ the fraction of the total heat which is available 
for conversion into work is given by the relation 
« = A, - A, - T, (0,, - 0^) + L, - T, . 0,. 
= A, - /^ -T. (0,, - 0^) + 0., (T, - T,) . . (39) 
All of the quantities involved are given in a modern steam 
table from which Table XV. is an abstract. 
Putting 

H, = A, + L, ; H, - ;^ + U 
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SO that H denotes the total heat at the temperature T; equation 
(39) can also, as shown later, be written in the simpler form 

« = H, - H, + T, (*. - *0 ■ ■ • (*0) 

Table XV. — ^The Pbopertibh of Dry Saturatid Steak at Dipfbbkht ABBOLtrrE 
Tbuperatcres. 
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This expression, or its equivalent, was first deduced by Rankine, 
and the ideal steam engine, which would convert the whole of this 
available heat into mechanical work, is aaid to operate on the 
Rankine cycle. 

The importance of entropy in thermodynamics will be obvious 
from the foregoing, since a knowledge of it is necessary for deter- 
mining what fraction of a given amount of heat energy is theo- 
retically capable of conversion into mechanical work. It has, 
however, no simple physical signification, being merely represented 

by the integral Jtit where dq denotes the heat added to a body 

at the absolute temperature T. 

This integral is due to Kelvin and Rankine, who 6r8t recognised 
its fundamental importance ; but the name entropy was subsequently 
given to it by Clausius, and has come into general use. 

No physical change in nature will occur spontaneously unless, 
as a final result, the total amount of entropy is increased. Such 
apparent exceptions as may be quoted in opposition to this are 
always due to artificial conditions, the production of which has at 
some point or other involved an increase in the total entropy of 
the universe. So far as it can be discerned for the present, the 
apparent tendency of nature is to establish an absolute uniformity of 
conditions throughout all space, and entropy is, in fact, merely the 
numerical measure of the uniformity attained. 

If, taking values from Table 
XV., we plot down, as in Fig. 61, 
against the absolute temperature 
the liquid entropy ^, and the total 
^ r entropy •/> of the steam at the dif- 
ferent pressures, we get the two 
curves ABC and DEF, which 
have some remarkable properties. 
If we take any point B on the 
curve ABC, and drop to the base 
line the perpendicular B H, then 
the area I A B H is equal to the 
sensible heat of 1 lb. of steam at the temperature corresponding 
to B, in this case 820 deg. absolute. That is to say, this area is 



Fig. 61. Tomijcratui 



!k 



Entropy Diagram. 
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equal to 333.13 heat units. The area is measured by multiplying 
its average height on the temperature scale by the distance I H 
measured on the entropy scale. If through B the horizontal line 
GE is drawn to cut the curve D E F at E, then, if the perpendicular 
E J is drawn, the area B E J H is equal to the latent heat of 1 lb. 
of steam at this temperature — that is, to 859.40 B.Th.U. 

Hence the whole area I A B E J is equal to the total heat of 
1 lb. of steam at 820 deg. absolute, or 1191.53 heat units. If, now, 
another horizontal line K L M is drawn at the temperature 560 deg., 
say, the area L B E M is equal to the number of units of heat 
which would be turned into mechanical work in a perfect steam 
engine of any kind working between these limits of temperature. 
In other words, the area in question is equal to the available heat, 
as already defined. 

Thus it will be obvious from the diagram that the area L B E M 
is the sum of the two areas L B O and O B E M. Denoting the 
higher temperature by Ti and the lower by Tj, it will be seen 
that O B E M = ^^ (T, - T,), <f>„ being the steam entropy at the 
temperature Tj. 

Similarly the area L B is equal to the whole area I A B H 
less the two areas I A L N and N L O H ; but I A B H is equal 
to hi, the 'sensible heat at the temperature Ti, and A L N I is equal 
to the sensible heat at the temperature T9 — that is, h^ — whilst the 
area LOHN is equal to Tj (0,^ - ^^), where ^,, = 1 H, or the 
liquid entropy at Tj and <f,t^ is similarly tho liquid entropy at Tj. 

Hence the area I A B E J is equal to 

/h - /<, - T, (<^,. - <fh) + 'f-1 (Ti - T,). 
which is the value of w as defined in equation (39). 

A diagram such as Fig. 61 is known as a temperature-entropy 
diagram or a ^^ chart, and was invented by Willard Gibbs. 

From this diagram we can easily prove the simpler value for 
H given in (40) above. 

From Fig. 61 it is evident that the area LBEM is equal 
to the area A B E J I, less the area A L P I — the rectangle P J. 

But, as already stated, the area A B E J I is equal to the 
total heat in saturated steam at the temperature corresponding to 
J E or I G, or Ti say, and this total heat may be denoted by Hi. 
Similarly the area A L F I is equal to Hj, denoting by this the 
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total heat of saturated steam at a temperature corresponding to 
the temperature A K or Q P, or Tj say. Moreover, the rectangle 
PJ = PMxPQ-(KP -GE)x PQ -{*,- *,).T,. 
Hence, finally, the available heat in 1 lb. of saturated steam, 
when expanded from the pressure corresponding to the temperature T, 
down to that corresponding to tiie temperature Tj, is « = H^ - Hj + 

Hence if T, = 820° and T, = 560°, we have H,= 1191.53; Hj = 
1113.58; '#•,= 1.9957; and *i=1.5638. Whence « = 319.76 B.Th.U. 

It might be thought that, if we subtracted the total heat H^ 
in a pound of steam at temperature T, from the total Hi of the 
steam at Tj, the difference would be the amount turned into useful 
work, but it must be borne in mind that there is less than a full 
pound of steam at the lower temperature, because some of it has 
been condensed in the process of expansion. In fact the total heat 
of the steam on exhaust is equal to the area I A M J, of which the 
portion I A L N is the. sensible heat, the remainder being latent. 
Dry saturated steam at the same temperature has, however, a latent 
heat equal to the rectangle under the line P L, so that the dryness 
fraction of the steam on exhaust is given by the ratio 

LP" 0^ 
For the range of temperatures covered in steam practice the 
value of (T, the specific heat of water, may be expressed as 

» = 0.8277 T'*, 
so that the liquid entropy 

0, = 6.277 T"^- 9.8064, .... (41) 
and the sensible heat 

A = 0.4798 T" - 457,3. 

If the steam is not dry to start with, then the equation 

« = H, - H, + (^ - 0.) T, 

still holds if for Hi we substitute the total heat of the steam in 

its actual condition, and for ^ the corresponding entropy. 

Thus, suppose the temperature conditions aa before, but that 
the steam contains 5 per cent, of moisture, then the actual total 
heat of the steam is now, if y be the dryness fraction, 

A, + yL, = 332.13 + 0.95 x 859.40 - 1148.56 B.Th.U., 
whilst the actual value of the entropy is similarly 

fi, + yf»i - 0-5157 + 0.95 X 1.0481 - 1.6114. 
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As before, Hj = 1113.58 and .^ = 1.9957, so that we get 
u = 1148.56 - 1113.58 + 560 (1.9957 - 1.5114) = 306.19 B.Th.U. 
of available heat as against the 319.65 units which were available 
when the steam was dry. It will be seen that with the assiatanee 
of a steam table the value of u, corresponding to any assumed 
conditions, can be found without much difficulty, and this represents 
the maximum amount of energy which, under absolutely ideal con- 
ditions, can be converted into mechanical work or into kinetic 
energy. ^ 




Figa. 62 and 63. Temperature Entropy JMagrams with Superheat. 

As already explained in Chapter II., knowing u we can find 
at once the theoretical velocity of efflux of steam from an orifice, 
which is given by the relation 

« = 224 J^. 

The temperature entropy diagram represented in Fig. 61 is 
drawn for saturated steam, but the additions necessary when the 
steam is superheated are easily made. 

Thus in Fig. 62 the point D represents the condition of dry 
saturated steam at the temperature Tj. By superheating this steam 
we raise its temperature and increase its entropy, bo that its final 
condition when superheated will be represented by some such point 
as F. In this case F G denotes the final temperature of the steam, 
which we may call Tj^, and O G- the corresponding entropy, which 
may be written as ^,'. Then the total heat, H,' say, in the super- 
heated steam is equal to the whole area O A C D F G, and the 
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available heat on expanding it down to the temperature T^ by the 
area B C D F K. As before, we get 

M' = H,' - 11, + T, (.^ - .^■). 

If tt denote the heat available in the case of saturated steam, 
and u, the additional amount rendered available by superheating, 
we have, approximately, 

In the foregoing case the expansion has been carried so far 
that the steam on discharge is wet. When this is not the case 
matters are a little more complicated. Thus in Fig. 63 the expan- 
sion finishes at the point K, where there is still some superheat 
remaining. The available heat is then represented by the area 
B C D F K E, and can be found by determining the total heat 
remaining in the steam in its condition as represented by the 
point K, and subtracting this from that originally present. 

For the purpose of explaining the principles at issue, the tem- 
perature entropy diagram has great advantages, but for practical 
use in turbine designing another form of diagram originated by 
Professor R. MolHor is more convenient. This is particularly the 
case when, as in the foregoing instance, the steam is still super- 
heated on discharge. 

In the MoUier diagram, Fig. 64, instead of plotting entropy 
against temperature, entropy is plotted against the total heat in 
the steam at different pressures and temperatures. 

Thus from Fig. 64 it will be seen that steam at 110 lb. pres- 
sure and at 500 deg. Fahr. has an entropy of about 1.692, as shown 
by the vertical scale, whilst from the lower scale it appears that 
its heat content is 1272 B.Th.U. 

With a perfect engine the steam would pass through, doing its 
work, without change of entropy, since in such an engine no heat 
is added to the steam by friction, or subtracted from it by radiation 
or conduction, and the entropy of a body only changes when heat 
is added to or subtracted from it. Hence suppose that an ideal 
engine, taking steam under the conditions stated above, is exhausting 
at 10 lb. pressure. The diagram shows that steam at 10 lb. pressure 
and an entropy of 1.692 units has a total heat of 1082 B.Th.U. 
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Hence the perfect engine would have turned into work the difference 
between 1272 and 1082 B.Th.U., or in other words 
« - 1272 - 1082 - 190 B.Th.U. 

The quality linea or curves of equal dryness fraction showj 
moreover, that the steam as exhausted would be 94 per cent dry. 

In Chapter V., page 41, it has been shown that if u be known 
the steam consumption of a theoretically perfect engine is given by 
the relation 



and the efficiency ratio was defined as the ratio of this theoretical 
consumption to the actual steam consumption. 

In pressure-compounded turbines the total thermodynamic head 
is sub-divided up between a succession of relatively small ranges of 
temperature or pressure. The section of a turbine included between 
the beginning of one temperature step and the beginning of the 
next drop in temperature and pressure may be defined as a "st^e." 
Thus in a reaction turbine each row of blades, whether fixed or 
moving, constitutes a stage, whilst in an impulse turbine the sti^e 
always includes not only a set of nozzles and guide blades, but also 
all other moving or fixed blades through which the steam passes 
without further fall in pressure. Thus the stage of a Parsons 
turbine comprises only one friction-producing element, whilst in a 
velocity-compounded impulse turbine there are frictional losses in 
the nozzles and in each of the rows of moving and fixed blades. 

The " stage " efficiency ratio of a steam turbine is given by 
the relation 

g -/ 

where q denotes the heat theoretically available in the stage and 
/ the sum of all the frictional losses in the stage. 

This stage efficiency ratio may for shortness be called the 
hydraulic efliciency of the turbine, and he denoted by i}, so that 
n = ?-_ltf. 

9 

There is a close connection between v, the hydraulic efficiency 
ratio of a turbine, and € its efficiency ratio considered as a whole. 

Consider, for simplicity, a turbine in which no energy is carried 
over in the shape of kinetic energy from one stage to the next. 
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In that ease the whole flow through the guide blades is due solely 
to the fall of pressure. Let the available heat corresponding to 
this fall of pressure be q B.Th.U. A portion only of this available 
heat is actually turned into useful work, the remainder being 
dissipated in friction and restored to the steam again in the shape 
of heat. If the fraction thus lost in friction is kq, then the stage 



<l 

Now in all cases where steam is expanded down to a lower 
pressure in a non-conducting vessel, the total heat theoretically 
available always appears in the first instance as high-grade energy, 
being represented by the external work done added to the kinetic 
energy of such jets and eddies as may be formed. The kinetic 
energy of the latter is finally dissipated in fluid friction, or, in 
other words, is restored to the steam in the shape of heat. Hence, 
if the hydraulic eflSciency of a stage is 

? 
h q represents energy, which during the expansion in the stage has 
been added to the steam in the shape of heat. Hence in passing 
thi'ough the stage the steam has its entropy increased by the amount 

kq 
T' 
where T denotes the absolute temperature of the steam in the stage. 
As a consequence, in the tem- 
perature entropy diagram, Fig. 65, 
the expansion line of the steam 
passing through a multi-stage turbine 
is in practice represented by the 
curved line C M in place of by the 
vertical line C H, which is the expan- 
sion line corresponding to perfect 
efficiency. Hence at the tempera- 
ture corresponding to the line N L 
the dryness fraction of the steam 
on deUvery from the corresponding 

stage is equal to ^-^ in place of =^=~, which would be its value 

in the case of a perfect turbine. 




Fig. 65. Effect of Reheat in Tem- 
perature Entropy Diagram. 
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The equation to the line C M can be calculated in the case 
of a turbine having an infinite number of stages, and for turbines 
of more than some six or seven stages the limiting points of the 
actual expansion may, with sufBcient accuracy, be considered as 
lying in the curve thus found. 

Thus let the point M, Fig. 65, represent the condition of the 
steam in the stage, having a temperature T, of a turbine with an 
infinite number of stages. If the drop of temperature to the next 
stage is d T, then, having regard to the sign of T, the heat available 
for doing work there is I M x — dT. Hence, if 0, denote the 
initial temperature of the steam, and 0i its liquid entropy at the 
temperature T, we have 

rf« = IM X - rfT 

= - (^, - ^, + Z).dT, 

where 0, is equal to I N, and Z = H M. 

Of this available heat let the fraction kdii be wasted in 
friction and restored to the steam as heat, so that at the next 



kdq 
We thus have 



stage the entropy is increased by the amount dZ = -=-' 



= - A (*, - *, + Z) rf T 
or 

T^2^tZ= -A(*, - W- 

Multiplying by T*""^ this gives 

-P.^ + iZ.T*-- = -*{*, -*,)1 
i.e., 

^.(Z.T*)= -i(*, -^,)T'-' 

or 

ZT* = A - ^.T" + kf<f.,V-'in 
where A is the constant of integration. 
Substituting form (41), page 145, 

<f>, = 5.277 T" - 9.8064 

we get 

' = -pi - *' - ioTTl 

The constant A is determined by the fact that when T = T, 
Z = 0. 

In the diagram. Fig. 65, the heat which becomes available as 
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the steam passes through the turbine is equal to the whole hatched 
area, whilst that which is available in a perfect turbine is equal to 
BCHI only. Hence the reheat factor R is given by 
g ^ BCMI ^ J CHM 
BICH ■ EC Hi 

The area BCHI is equal to u, whilst the area C H M is equal to 



Substituting from the expression found above for Z, we get 

I Z rfT = jA_ /"t,-* - T,'-*) + J^(a, + a,) - i<f., + 9.8064) (T. - T,). 

In this way, for steam expanded from an absolute temperature 
of 820 deg. (equivalent to nearly 154 lb. absolute) down to 560 deg. 
{equivalent to about a 28-iii. vacuum), we get the following values 
showing the relation between the hydraulic efficiency and the 
efficiency ratio of a turbine with an infinite number of stages : — 
1 ~ I 0.9 0.8 0.7 0.6 0.5 

« = 1 916 0,8286 0.7378 0.6432 0.5455. 

The corresponding reheat factor is equal to — . 

V 

Another method of determining these reheat factors is based 
upon the use of the approximate equation ^ V = constant, where 
the value of 7 changes with the efficiency of the turbine, and can 
be determined for any conditions by the method explained in 
Chapter II., page 13. 

Thus let Ti be the value of y corresponding to adiabatic 
(•xpansion. Then we have 

778 /,-l ■P'^X :,)■ 

If the efficiency ratio however be, say, 0.7, then we can, from 
the Mollier diagram, determine the corresponding dryness fraction 
of the steam on exhaust, and from this we obtain /s^t, the corresponding 
ratio of expansion, and we thus get 7o.7i tbe corresponding value 
of 7. The work now done by the steam is equal to, say, XJ; B.Th.TJ. 
where 

778 y„- 1 ^^ '\ x) 



y Google 



1 52 STEAH TDRBINEB : 

The reheat factor is then given by the relation 

R = I? = ?i' At - 1 i" - P ».7 
u y, ' y,-\' X- p,' 

In this way the curves. Fig. 35, page 44, showing the relation 
between values of ij and e for different values of x, have been 
determined, as well as the table of reheat factors printed on page 45, 
ante. The curves, Fig. 35, show that once the value of x attains 
a certain value the reheat factor alters very little. 

Tables giving the volume of superheated steam are not common. 
The formula pY = cT, which is very nearly true for permanent 
gases, is not accurate if applied to a condensihle vapour such as 
steam. In fact for all actual gases the above equation should in 
strietnees be replaced by the expression 

where t denotes the attraction of the molecules for each other, 
which becomes sensible when the gas is greatly condensed. It is 
this attraction which appears as capillary attraction and as the 
surface teusion of liquids. The term b denotes the volume of 1 lb. 
of the molecules, if the whole were absolutely in contact with each 
other. For water b = 0.014 cub. ft. approximately. 

With some fluids t can be expressed in the simple form ^ , 
where a is a constant ; hut this is not true in the case of steam, for 
which Callendar's researches give the following relation 
V-O.OH.9:??5^-1.5r«^]f. 

where p is in pounds per square inch and T is taken in Fahrenheit 
degrees. For many purposes, however, the volume of superheated 
steam is given with sufficient accuracy by the relation 

■\'' = "^^ • ^ 
T 

where V^ denotes the volume of 1 lb. of the steam at the absolute 

temperature T*, and V denotes the volume of 1 lb. at its absolute 

temperature of saturation T. 
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CHAPTER XVII. 

BALANCING. 



THE adoption of the steam turbine has introduced an entirely 
new order of ideas as to what constitutes a properly-balanced 
driving-shaft. A defect from perfection in this regard, which would 
have been of quite negligible importance in the case of a slow- 
speed reciprocating engine, would suffice to wreck a rapidly-revolving 
turbine rotor. The methods used to secure the accurate balance 
of turbine rotors have, in the main, been developed by the 
Hon. Sir C. A. Parsons. 

The operation of balancing a rotor is effected in two successive 
stages. The first of these is directed to securing static balance. 
To this end the rotor is laid upon accurately-levelled knife edges, 
and temporary balance weights applied to it, until it will rest in 
neutral equilibrium, whatever position it occupies. A common 
method of effecting this is to divide the circumference of the rotor 
into six equal arcs, and to turn it until each point of division is 
successively brought to the uppermost position. In general in each 
position a balance weight must be added to one side or the other to 
prevent the rotor from turning. The weight added in each position 
shows the amount the rotor is out of balance in that position. 
On tabulating these numbers it is easy to ascertain the exact extent 
(both in amount and direction) to which the centre of gravity of 
the rotor lies outside of the axis of figure, and to determine the 
precise position and amount of the balance weights to be added 
to correct this. Mr. J. M. Newton, in his paper (Proceedings of 
the Institution of Junior Engineers, vol. xx.) states that with a 
2-ton rotor this adjustment is continued until the centre of gravity 
does not lie outside the axis by more than 0.0005 in. to 0.0007 in. 
The residual amount of out of balance is then (in the case of a 
2-ton rotor) equivalent to a weight of ^ lb. acting at a 12-in. radius. 
In the case of disc rotors, the discs or wheels are balanced 
separately by methods equivalent to the foregoing before mounting 
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them on the shaft. Some builders, for balancing these discs, use a 
regular weighing machine. This carries as a prolongation of its 
axis of suspension a mandril taking the wheel, and on this mandril 
the wheel can be clamped in any one of six positions, and balanced 
by adding weights to one or other of the scale pans. With a perfectly- 
balanced wheel no weight should be required in either scale pan, 
whatever the position of the wheel on its mandril. Actually, 
however, as the latter is turned successively into each of its six 
positions, the weight has to be adjusted, and the tabulated figures 
give data by which the departure of the centre of gravity of the 
wheel from its designed position can be calculated, and subsequently 
corrected. Theoretically, for the making of this calculation it should 
be sufficient to measure the want of balance in two positions only, 
which should by preference be at right angles to each other. 

After static balance has been thus secured, which, in the case 
of drum rotors, is effected by adding temporary weights where and 
as required, the rotor has to be tested for dynamic balance. To 
this end it is mounted on two bearings resting on ball bearings 
and kept in position by adjustable springs. In these bearings it is 
driven round by a suitable motor and through a flexible coupling at 
a speed which ultimately is made, in the case of a drum rotor, about 
20 per cent, higher than that at which it is intended to run in service. 
In the earlier stages of the operation the two supporting bearings 
are best clamped solid. Starting the rotor into slow rotation, a 
number of sections are found at which a coloured pencil, held lightly 
f^ainst the rotating surface, marks it all the way round. The speed 
is then raised. Now, any body rotating at a high speed endeavours 
to move so that its centre of gravity lies on the axis of rotation, 
and, secondly, so that this axis is such that the moment of inertia 
of the rotor about it is either a maximum or a minimum. The 
former condition is that " preferred " by the body. Thus if a stout 
disc of cardboard is supported at the edge by a string, it will be 
found that on rotating the upper end of the latter the disc, so long 
as the rotation is slow, will rotate about its vertical diameter. As 
the speed is increased, however, it tends to become horizontal, and 
at very high speeds turns horizontally, with its centre very near to 
the axis of rotation in spite of the side pull due to the fact that 
the supporting string is fixed near one edge. 
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A long rotor can therefore rotate in balance either about one 
longitudinal axis or an indefinite number of transverse axes. If 
set rotating about any other longitudinal axis, a controlling force is 
needed to maintain this condition, and such forces are supplied by the 
bearings. If the speed be high, and the weight great, these forces, 
which are alternating, or, perhaps one should say, rotatory in character, 
are considerable, and set up serious vibrations. If, then, a rotor is 
mounted on bearings and rotated as described above, it will, if out 
of balance, apply forces to the bearings, and shift them to and fro 
so as to try and get its centre of gravity into the axis of rotation, 
and to get one of its "principal" axis coincident with the latter. 

Hence a coloured pencil held against the same part of the 
rotor as that it touched all round at low speeds, will, at high 
speeds, touch it over a short arc only. To bring the surface true 
again, weights must be added to this "high side," so as to shift 
the centre of gravity in the same direction. Actually the " high 
parts" at opposite ends of the rotor will generally be on opposite 
sides, this being due to the fact that the actual axis of rotation is 
not a principal axis. By adding weights to the respective " high 
sides " the position of this principal axis can be adjusted to practical 
coincidence with the axis of rotation. It is sometimes found that 
the balance-weight requires to be added about 120 deg. in advance 
of the point not marked by the pencil instead of 180 deg. in advance, 
as required by theory. When the operation of balancing is nearly 
completed, the pencil marks nearly all round, and it becomes difficult 
to determine where further weights should be added, and to what 
extent. The delicacy of the coloured pencil test can then be 
increased by adjusting the speed so that the springs which control 
the bearings are in resonance with the rate of revolution at which 
the rotor is driven. 

The attainment of dynamic balance is not always sufficient to 
secure the steady running of a rotor, it being further essential that the 
usual running speed shall not lie near a certain critical value. How 
such a critical speed arises may be realised from the following con- 
siderations : Take, for instance, the case of a rotor of a horizontal 
turbine of the wheel type. To each wheel affix a weight equal to 
the weight of the wheel, thus doubling the deflection of the shaft. If, 
now, all these additional weights are suddenly cut loose, the shaft 
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will fly back past its normal position and continue to vibrate about the 

latter for some time. The number of vibrations made per second will 

obviously depend both on the rigidity of the stafl' and on the weight ot 

the wheels it carries. If the shaft be very rigid and the wheels light, 

the periodicity of the vibration will be high, and, conversely, a rotor 

consisting of a flexible shaft and heavy wheels has a slow natural rate 

of vibration. Whatever this natural period of vibration may be, it is 

easy to understand that, should the rate of revolution coincide with 

this rate, resonance efiects may ensue, augmenting the range of 

oscillation beyond all limit. 

The matter may also be viewed from another standpoint. In 

actual practice it is not possible to make the centre of gravity 

of a rotor absolutely coincident with the axis of rotation. Thus 

. Fi^.ee. ^ in Fig. 66 let A B represent 

' an elastic shaft, which for 

simplicity will be considered 

weightless. Let it carry a 
Fig. 66. r„W»o«lShJl. ^^^^^^ ^_ j^g ^^^^^ ^f 

gravity of which is distant A inches from the axis of rotation. 
If, then, the abaft be set in rotation a centrifugal force will be 
developed which will deflect the shaft by an amount equal to 
8 inches, so that the distance of the centre of gravity from the 
axis of rotation becomes equal to A + 5. The corresponding centri- 
fugal force will be equal to . - . ' _ . '^ where oi denotes the 

angular velocity of rotation, i.e., u = '^— where N = R. P. M. 

A deflected shaft is essentially a spring, and opposes to the centri- 
fugal force a counterbalancing force, which is equal to fS where 
/ denotes a coefficient depending solely on the type and dimensions 
of the shaft and on the position of the load. 

For a uniform shaft centrally loaded the value of the resisting 
force F is 



^ 



2.236 D*.E 



where D denotes the diameter of the shaft in inches. When the 
weight is not central, but situated at a distance Jc I from the nearest 

support, the value of F may be written as F = — =- , where the 
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value of c is taken from the curve given in Fig, 67. In this figure 
k = -, where a denotes 
support, and I the span. 



k = -, where a denotes the distance of the load from the nearest 



Tig. 67. Diagram for Calculating Critical Speeds. 

In the case of a rotating shaft the deflection increases until 
this counterbalancing force is equal to the centrifugal force. We 
then get 

F 5^ ' = — ^^-^ ** "^ 
Whence 



D'E _ W «^ 

cC g 12 

Now the first term in the denominator is constant for a given shaft 
and a given position of the hiad, whilst the second, being dependent 
on the square of the angular velocity, increases as the speed rises. 
The critical speed, then, is given by the condition that 

^.IL. -1 (42) 
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If the speed exceeds this value, the deflection, it will be seen, 
becomes negative, and with m = infinity, we get 8 = — A, or, in other 
words, the shaft has then deflected, so that the centre of gravity 
haa been brought into coincidence with the axis of rotation. 

A well-balanced rotor will run steadily either above or below 
its critical speed, but may vibrate very badly at this critical speed. 
The practice of running rotors above their critical speeds seems to 
have been introduced by Dr. de Laval. 

From the foregoing equation (42) the critical speed for a uniform 
weightless shaft carrying a heavy wheel in any position can be 
calculated. 

I^t this critical speed be denoted by «>,. Suppose this wheel 
is removed and a second added in a different position, then the new 
critical speed will be different, say, q>j. Similarly, for a third wheel, 
the critical speed thus calculated may be taken as an and so on. 
Then, if all the wheels are in place at the same time, the critical 
angular velocity for the whole system thus constituted is given by 
Dunkerley's equation, viz. — 



Further, since the unloaded shaft is not actually weightless, as . 

was provisionally assumed, it also has a critical speed, «„, which is 

1 209 W }? 
given by the relation — = — Y^i-^i where Wo denotes the weight 

of the unloaded shaft. So that finally we get for the critical speed 

where the values of c are read from Fig. 67, and Wo is the total weight 
of the shaft itself. 

Thus, suppose a 6-in. shaft, 60 in. long between centres of 
bearings, and carrying two wheels each weighing 500 lb., the first 
being mounted at 20 in. from the left-hand bearing and the other 
at 29 in. from the right-hand bearing. Then for the first wheel 

the value of le \a „. = 0.333, and from Fig. 66 the corresponding 

29 
value of c is 0.335. In the second wheel the value of i is -^77 = 0.484, 

ou 

so that c is equal to 0.423. The weight of the shaft is equal to 4801b., 

Digitized by V_tOOQIC 
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80 that Wo X 0.209 = 100, whence 

' -- -f- fsOO X 0.335 + 500 X 0.423 + lOo] = ^^^liJL^ — ss^. 

i^ 12D*E.ff. L J 12 X 6* X 30,000,000x32.2 

.-. m = 381 radians per second or 3639 turns per minute. 

This is the critical value for a shaft supported at hoth ends, 

and may be denoted by a>^. For other conditions the actual critical 

speed will be equal to ^.a>„ where the value of <^ is to be taken 

from the following table : — 

Method of Supi>orting Shaft. ^. 

Cantnever 0.3663 

One end fixed, the other supported 1.560 

Both ends fixed 2.250 

In the case of certain Continental turbines, the turbine and 
the generator shaft are made continuous, the whole being supported 
on three bearings. With this plan it was imagined that the con- 
ditions of running would be equivalent to one end of each of the 
two sections of the shaft being supported and the other fixed, so 
that the critical speed would be increased. Unfortunately, however, 
the designer overlooked the fact that the two sections of the shaft 
could bend in opposite directions, the stiffness being then the same 
as if each were simply supported. The system of construction is 
cheap, but there have been some serious difficulties with it in 
practice, and in the early days there were many cases of bent and 
broken shafts. In the ease of two large units of 7500 kilowatts 
each, moreover, the turbines could not be run at more than one-third 
of their rated output until entirely reconstructed. The trouble 
apparently arose here from distortion of the casing, as with high loads 
the superheat extended further towards the exhaust end. This 
presumably threw the bearings out of line. There is still occasional 
trouble with these two turbines, from vibration when starting them 
up after a stoppage. Hence the plan is one which should be 
adopted with caution. 

MTiere the moment of inertia of a turbine shaft varies greatly, 
the critical speed is more conveniently found in another way than 
that explained above. Suppose the rotor in question to be placed 
horizontally, then under its own weight it will be deflected, and the 
amount of the deflection at any point can be calculated. The actual 
load on the rotor is, of course, a continuous one, but for practical 
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purposes it can be replaced by a number of isolated loads, p„ p^. 
Pa, &e., such as indicated in Fig. 68. 

If Si be the deflection of the 
shaft at the point occupied by 
p„ 8j the corresponding deflec- 
tion for Pj, and so on, the 
potential energy stored in the 
deflected rotor is then equal 
to 

Let, next, the rotor be placed 
with its shaft vertical. It will 
then straighten itself, but it can be bent to the same curve as 
before by applying horizontal forces equal to the loads p„ p^, &c. 
Assume this to be done, then the potential energy stored in the 

bent rotor will, as before, be equal to - 2 jo S 

If, now, these horizontal forces be suddenly cancelled, the rotor 
will fly back and begin to oscillate with its natural period of 
vibration, and, as already stated, the total number of complete 
vibrations per second will be equal to the number of revolutions 
per second at the critical speed. 

At the mid point of each oscillation the centre line of the 
shaft is straight, and hence there is at this instant no potential 
energy stored in it, the whole of the energy maintaining the vibra- 
tion being then kinetic. If N denotes the number of complete 
cycles made per second, then as each weight vibrates about its 

. ttN . 
neutral position according to the law B = SoSm -^ t, its velocity 

of motion at any instant is equal to 



which, when g = 0, becomes 






The kinetic energy of any weight p„ as it passes through its 
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neutral position is, therefore, equal to ^" . -— . ft. -lb. or 

^ ' ^ 2 a 144 900 

-— — . ■ _ -■ . p^ 5„* in.-lb., 80 that the total kinetic energy of the 

whole of the moving weights at the instant the shaft is straight 
is equal to 

and this must be equal to the potential energy of the strain already 
found, whence 

Ug 900 7 '^ 2 f^ 

From this we get the relation 

^ N' ^ ^s ^ 12gSf 3 
900 " " SpJ" ■ 

To determine the values of S we proceed as follows ; — 
First draw the bending moment curve as indicated in Fig. 68. 
Find the ordinates at the points 1, 2, 3, &c., and let these be denoted 
by Ml, Mj, Mg, &c. Then, with imaginary loads equal to 

where di denotes the diameter of the shaft at ^i, and so on, draw 
a second curve of imaginary bending moments ; let these be denoted 
by yi, yt, y^, &c. 
Then 



^^ 13?E^ Spy 
64 ■ Sp/ 

Taking E as 30,000,000, we get 



Apy 

V 2 



S.py' 

The calculation of the deflections can, of course, also be effected 
arithmetically, and in Table XVI. we give the results obtained for 
the rotor of the Westinghouse-Rateau 5000-kw. turbine, illustrated 
in another Chapter. Some of the dimensions have had to be scaled 
from the engravings, and may thus not be absolutely exact. 
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TABLE XVI, — Calculation op Critical Spbbd op Rotor for 5000-kw. Tcrbikb. 



Section 
Number. 


Length 

of 

Section a 


Loads 
Pounds. 


Bending 
Moment M 

Pounds. 


Imaginary 


ro,ooo- 


"Uooo]- 


1 


195 


741.3 


240,860 


12,798 


949 


' 12,142 


2 


*t 


133.1 


636,665 


25,774 


343 


1 884 


3 


17* 


974.1 


798,930 


36,488 


3,554 


1 12,969 


4 


If 


183.8 


1,023,575 


42,819 


787 


1 3,370 


5 


6* 


2124 


1,112,250 


44,505 


9,453 


1 42,070 


6 


6 


2071 


1,241,850 


47,592 


9,856 


46,908 


7 


H 


2064 


1,350,050 


50,065 


10,333 


61,734 


8 


H 


2011 


1,437,800 


51,927 


10,443 


64,225 


9 


H 


2044 


1,510,450 


53,429 


10,900 


68,237 


10 


n 


1916 


1,566,600 


54,514 


10,446 


66,939 


11 


H 


1975 


1,608,350 


65,326 


10,927 


60,454 


12 


4I 


1971 


1,644,700 


55,997 


11,037 


61,804 


13 


6 


2236 


1,676,350 


66,562 


12,647 


71,634 


U 


4 


2062 


1,698,550 


66,816 


11,716 


66,560 


15 


4 


2073 


1,707,100 


66,872 


11,790 


1 67,052 


16 


n 


207 


1,709,150 


56,810 


1,176 


6,681 


17 


4 


2078 


1,707,075 


66,719 


11,786 


66,849 


18 


4 


2063 


1,698,825 


56,453 


11,646 


66,766 


19 


4 


2044 


1,683,650 


66,043 


11,455 


64,197 


20 


4 


2031 


1,661.600 


56,476 


11,267 


( 62,605 


21 


4 


2016 


1,631,350 


64,745 


11,036 


60,416 


22 


4 


2002 


1,593,000 


53,843 


10,779 


58,037 


23 


4 


1989 


1,546,450 


62,762 


10,494 


56,368 


24 


4 


1975 


1,491,950 


51,496 


10,170 


52,371 


25 


4 


1962 


1,429,760 


60,040 


9,818 


49,128 


26 


4 


1949 


1,359,750 


48,388 


9,431 


45,734 


27 


4 


1936 


1,281,900 


46,539 


9,010 


41,932 


28 


H 


1924 


1,197,050 


44,621 


8,566 


38,137 


29 


H 


1899 


1,106,000 


42,340 


8,040 


34,041 


30 


2 


208 


1,033,500 


40,664 


843 


1 3,421 


31 


13i 


582 


829,480 


35,504 


2,066 


7,336 


32 


H 


151 


592,090 


26,742 


404 


1 1,080 


33 


20| 


648 


266,660 


13,461 


872 


1,174 
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Adding up the last two columns of the table we get 

Sp [-7^1 = 364,038 



and 




Whence 


^^ [loSoo]"- '•''■•»=^- 


and 


Spy" 52,302' 




"''■''' ^^r IS '""■'■ 



Whence 

N = — ^ = 995.8 revolutions per minute. 

This, it will be seen, is not very greatly in excess of the designed 
running speed, and illustrates the diflSculty of securing a really 
stiff rotor with the disc type of machine. 

It is therefore not uncommon to run such machines above 
their critical speeds. In that case, however, the efficiency of the 
turbine may be expected to diminish with time, since on every 
occasion on which the turbine is started up or stopped the rotor 
has to pass through ita critical speed, and the consequent vibration 
gradually enlarges the fine clearances used where the shaft passes 
through the high-pressure diaphragms. 

A fair approximation to the critical speed of a rotor can be 
obtained by replacing the actual shaft by an ideal shaft of the 
same stiffness but of uniform diameter throughout, and the actual 
load by an ideal uniformly-distributed load producing the same 
maximum bending moment. 

In that case the critical speed is given by the relations 

ft. = 83,280 t . -L . (43) 

or 

N = 795,000 ^ . J- . . . (44) 

where d denotes the diameter in inches of the equivalent shaft, I its 
length between centres of bearings, and M the maximum bending 
moment in inch-pounds caused by the actual load. 

To determine d, the diameter of the equivalent shaft, the span 
of the actual shaft is divided iuto four equal parta Numbering the 
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points of section 0, 1, 2, 3, and 4, and letting do, d^, d^, rfj, and dt be 
the corresponding diameters, we have for the value of d the relation 

rrfl^ = 7 W + '^«') + 32 (tfi* + d,*) + 12 rf,* 

When the shaft ia of fairly symmetrical proportions, this may 
be replaced by the simpler formula 

^_ 7{d„ + rf.) ^- 32 (d, + (^) + Ud, 
90 
To apply this rule to the 5000-kiIowatt rotor, of which the 
critical speed has been calculated above, we note that the maximum 
bending moment M is about 1,709,000 in.-lb. We also have 

d,* - 20,733 ; rf,^ = 102,070 ; d,' = 194,480 ; d,* = 102,070 ; and d,' = 20,732. . 
Hence 

rf* - 101,744 and rf* = 308.8. 

Substituting these values in (43) and (44) gives 
w — 102.1 radians per second, 
or 

N " 975.4 revolutions per minute. 

These values are nearly the same as was found by the 
detailed calculation already given. 

When the shaft is hollow the formula for the equivalent 
diameter is 

^ . 7 (D,' + T)* - d^* - d.') + 32 (D,* + D/ - d,* - d,') + 12 (D,* - d j) 
90 
where D denotes the outer and d the inner diameter at each section. 

In using the above rules for finding the diameter of an equivalent 
shaft, a certain amount of intelligence must be exercised. The 
diameters di, d^, dg, &c., should be fairly representative of the general 
character of the shaft in their neighbourhood. 

In the foregoing treatment of critical speeds it has been implicitly 
assumed that the various wheels, Ac, mounted on the shaft simply 
oscillate to and fro in a straight line, when the shaft is vibrating 
naturally. This is true for wheels near the centre of the shaft, but 
those near the ends also vibrate through a small angle, as the shaft 
bends in and out. This, in effect, increases the inertia of these 
weights, and thus reduces the critical speed. The correction is, 
however, nearly always insignificant from a practical standpoint. 
Those who desire to study this point further will find a pretty 
complete treatment of it by Professor A. Morley in " Enginekring," 
vol Ixxxviii., page 135, et seq. 
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It was stated on page 154 that a body would only rotate quietly 

about one of its principal axes, and would by preference chose 

that axis about which its moment of inertia was a maximum. The 

principle involved in this statement will be clear on reference to 

Fig. 69, where A B denotes a weightless shaft carrying at the 

ends of equal weightless anus the 

, ^ V/ *»'*'' weights C D E F. With this 

jl^.^A®.. / ^) arrangement the system will ro- 

^ tate quietly about the axis A B, 



which from the symmetry of the 

^; / '^. A- conditions is one of the principal 

^■' ~" axes. If, now, the D and E be 

removed, leaving C and F in 
place, A B, though it still passes through the centre of gravity of the 
system, is no longer a principal axis, and if an attempt is made to 
establish rotation about this line the centriftigal forces developed 
will obviously tend to shift the axis of rotation into the line K L, 
which under the new conditions is the principal axis about which 
the moment of inertia of the system is the greatest. Another prin- 
cipal axis (when D and E are removed) -is represented by the 
line G H, and quiet rotation can also be ihaintained around this. 
If, however, from any accidental cause the axis of rotation is caused 
to diverge slightly from G H, it will be obvious from the figure 
that this divergence will tend to increase owing to the centrifugal 
forces then developed, whilst when rotating about K L any accidental 
temporary displacement of the axis of rotation will tend to be auto- 
matically eliminated by the ensuing centrifugal forces. 
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CHAPTER XVIII. 

DUMMY AND GLAND PACKINGS. 

IN each group of a Parsons turbiae the steam besides exerting 
a torque on the drum also produces an axial pressure on the 
blades, the amount of which is equal to half the pressure difFerence 
between the beginning and end of the group multiplied by the total 
annular area between the drum and the casing at that group. To 
prevent the drum being forced endways by this pressure dummy 
pistons are provided. These cannot be made a close fit with the 
easing, as at the very high speed of rotation the friction developed 
would almost instantly lead to " seizing." At the same time it is 
essential that there shall be no serious leakage of steam past them, 
as such leakage effects ho useful work and constitutes a dead loss. 

To meet the need "for complete freedom from friction, combined 
with sufficient steam tightness, the so-called labyrinth packing 
was devised by Sir C. A. Parsons. The term "labyrinth packing" 
is not well chosen, as the essential idea on which the device is 
based is not so much the causing of the steam to take a tortuous 
path as to wiredraw it at a great number of points. 

The character of the packing is well shown in Fig. 70, page 
171. The rings on the casing are usually of brass, though 
steel is used in some cases where the steam temperature is very 
high. They are commonly ^ in. thick, and are set at a pitch of 
^ in. or I in. They engage, it will be seen, with grooves turned on 
the rotor, and the position of the latter is adjusted axially, so as to 
bring each brass ring almost into contact with one face of a 
groove on the rotor. The two adjacent faces are, in fact, ground 
and scraped together, and then finally the rotor is shifted axially, 
so as to allow a distance of a few mils between the faces of the 
opposing rings. With brass rings a curious phenomenon is often 
observed after the turbine has been at work for some time. The 
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rings are sometimes inserted in short 6-in. to 8-in. lengths, which, 
as originally fixed, abut one against the other. After being in use 
for some time, however, gaps of ^ in. to J in. or more are found 
between the ends of adjacent strips. Some makers have for this 
reason adopted the plan of putting in these packings in 2-in. lengths 
only. The differential expansion between the cast-iron and the 
brass is insufficient on these short lengths to overcome the frictional 
resistances to the creeping of the strip, so that the joints do not 
open. Where steel is used instead of brass for the casing rings 
of the high-pressure dummy, they can be inserted in lengths equal 
to the half circumference of the casing. The clearance allowed 
between the casing and the rotor rings depends, to some extent, on 
the stiffness and general dimensions of the rotor, and is commonly 
from 3 to 5 mils per foot of the largest diameter involved. What 
the true clearance is wheu the turbine is at work remains a little 
I uncertain, particularly as it is quite conceivable that there is a 
differential expansion between the rotor and the casing which might 
increase clearances at one end of the dummy, and diminish them at 
the other. In aay case it must be doubtful to the extent of the 
clearance allowed at the thrust block, which in the case of electric- 
light units is from 2 to 5 mils. 

Given the clearance the amount of leakage past the dummy 
can be estimated as follows : — Referring to Fig. 70, the steam 
issues from between the first pair of rings with a considerable 
velocity and kinetic energy. The whole of this is destroyed by 
internal friction before the steam reaches the second pair of rings, 
which it does at a reduced pressure and augmented volume. Between 
these it again expands, acquiring kinetic energy, which is again 
destroyed before the third pair of rings is reached. This process 
being repeated at each pair, it will be seen that almost the whole 
of the available energy of the steam is destroyed by internal friction, 
and that it issues from between the last pair of rings with a velocity 
much less than that due to its complete expansion. 

Subject to certain limitations, detailed below, the discharge 
through such a packing can be calculated by the formula 



. . . ■ ■ (45) 
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where w denotes the weight discharged in pounds per second, fl the 
area available for flow in square feet, pi the initial absolute pressure 
in pounds per square inch, and Vi the initial specific volume of the 
steam, whilst N denotes the number of points at which the steam 

is wire-drawn, and x = ^, where jo^ denotes the absolute pressure 

Pt 
on final discharge from the last ring of the packing. 

The formula can be- established as follows : — 

Let the total enei^y available in 1 lb. of steam expanding 
between the initial and final pressures be U heat units. At each 
point of wire-drawing a certain quantity of energy must be 
supplied to each pound of steam to create a velocity of flow ; let 
this be denoted by q„ heat units, which, as the steam increases in 
volume, will be different for each of the N pairs of rings. 

The total energy expended will therefore be 

"iV- 

which in turn must be equal to U. 
Now 

q an very approximately. 






It next remains to express U as a similar integral. 
We may obviously write 

u = u, - u„ 
which is equal to 



dV, 



but this integral is taken between limits which do not correspond 
to those of the integral previously obtained. 
It will be seen, however, that 

and we may thus write approximately 

u. = U. + , - i?. + . 

whence 

Hence, finally, the original equation may be written very 
approximately as 
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I ?<i»-C..,-U, -i,„, + i,, - \ i*U- J \ i,. 

As the limits of integration correspond throughout, we may 
omit the integral sign and divide by 5, and thus get 

? 1 

as the differential equation to the flow of the steam through the 
packing. 

This gives 



-5'v-*'-.i 



Now, if V be the velocity of flow through a pair of rings, we 
have 778 q^ = the kinetic energy in ft. lb. of 1 lb. of the steam, or 



■ (224)' 



but if n be the area in square feet available for flow, V the 
specific volume of the steam, and w the weight passed per second, 

whence 

_ w* V 

* " 224" O" 

and thus 

h log* ^; = i«g, ft 
where p is the ratio of expansion. 

Substituting for - in the formula for N, we get 



1 

, 224 0»l 



C^""-' 



Now it is known that when steam is wire-drawn the law 
of expansion approximates very closely to p V = constant. 

The work done, therefore — or, in other words, the value of U — 
is given by 

,r H4 ,. , V 

U = Pi V, loij - ; 

778 '^' I "B(v^' 



whence 



IV -'^^r,^- 



jv 
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So that 

224^x 144 X tf xpiV, C'^'dV 

^ - 778 «/" ^ Jv V ^ ~ 

_ 46430>y, f 1_ J_ 1 . 
Whence 

V, (N + log, f) 

But in hyperbolic expansion p = x, where x =^ whence, finally, 



1 N + log X 

In the foregoing it has been assumed that the spaces through 
which the steam is wire-drawn run " full bore," but there may well 
be a coefficient of coptraction, as de6ned on page 18, ante. In that 
case the discharge will be a little less than here calculated. 

There is, moreover, a theoretical limitation in the applicability 
of the formula, just as there is to the rational formula for the 
flow of steam through a simple orifice. This gives incorrect results 
if the value of x is more than 1.73, corresponding to a limiting 
velocity of about 1475 ft. per second. Hence, theoretically, the 
above formula is only applicable if the velocity of discharge from 
the last pair of rings, as calculated, does not exceed this critical 
value. With actual packings, however, it is found that no 
correction is necessary, and that the discharge may safely be taken 
as given by the above formula, even if the limitation in question 
is violated. 

This can be proved as follows : — Let pi be the pressure at the 
space in front of the first ring of the dummy, and p, the pressure 
in the space into which the flow through the dummy is finally 
discharged. So long then as the pressure ^„.i in front of the last 
ring of the dummy does not exceed 1.73 times p„, the calculated 
velocity of outflow will not exceed the critical value. If ^>_, is more 
than 1.73 times p, the steam will not be fully expanded down to 
the latter pressure until after it has cleared the constriction. 

Let iv, be the weight discharged per second as calculated from 
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equation (45) above. Then for outflows in excess of the critical 

we have Rankine's formula . w = ^ — ~ where A denotes the area 
70 

of an orifice in square inches, and from this we can find what value 

of Pa- 1 will give a discharge from the last pocket equal to w, . 

Thus 

'^ 144 n 

If i>it-i thus found is more than 1.73 times the value of p, the 
critical ratio is exceeded at the last constriction. In that case 
assume that the value of p^.i thus found is the actual value in the 
last pocket, and calculate from equation (45) the value w' of the 
discharge through the first {N — 1) rings of the dummy. 

We thus get 



8 " -y V; ■ N-"l + I(i/x,. 



Now-^ — is always small and log, x, is also in general small 

compared with N - 1. Hence considerable variations in x, make 
only very small alterations in the value of iv^. In other words 
w^ will, in all such cases as are likely to occur in practice, be not 
materially different from w^, so that the theoretical restriction on 
the applicability of the formula is actually negligible. 

Packings of the type illustrated in Fig. 70 are called radial- 
flow packings. They have the advantage that the clearance can 
be adjusted by an endwise motion of the drum. They permit, 
however, of practically no axial play when once set, and hence where 
this is necessary a packing of the type shown in Fig. 71 is used. 
With packings of this type a greater 
amount of clearance is necessary, 
amounting to from 8 to 10 mils 
per foot of diameter. Fig. 71 
actually represents a marine tur- 
bine gland, and, as will be seen, 

four Ramsbottom rings are pro- 
Fig. 70. Dummy I'ftoking. . , , , , , , " , „5 

vided at the outer end. These 

prevent any leakage of steam into the engine room, but will not 

withstand, at the speed of rotation usual, any great difference of 
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pressure, A constant leak-off is therefore allowed through the 
opening shown on the right, so that the total pressure taken by 
the Ramsbottom rings does not exceed about 2 lb. per sq. in. per 
ring as a maximum. 

It will be seen from Fig. 71 that the fins interlace, alternate 
ones being fixed to the casing and to the rotor. This interlacing 



Fig. 71. Marine Turbine Gland. 
is found necessary, since experi- 
ment has shown that if all the 
rings are fixed on the casing or 
on the rotor no proper wire- 
drawing of the steam is effected, 
but the latter blows straight 
through and the leakage loss is 
greatly increased. 

For glands carbon packings 
are often used, typical types 
constructed by the Morgan 
Crucible Company being repre- 
sented in Figs. 72, 73, and 74. 
When first introduced carbon 
glands often gave trouble from 
fracture of the segments, but 
by careful experiment stronger 
blocks have been produced, 
whilst at the same time more 
attention has been paid to the 
design, so as to eliminate all 
possibility of unfair strains on 
the segments. One source of difficulty at the outset arose from 
the fact that the shaft is naturally hotter at the internal than at 
the external end of the gland, and consequently expands more. 
Hence one large user of this type of gland has made allowance 



Fig ' 



Carbon Gland. 
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for this. At the gland the shaft is by him covered with a nickel 
ateel sleeve on which the rings take their bearing. This sleeve ia 
iinished a few mils smaller at the inner end than at the outer. 
With all cold the carbon segments at the inner end are clear of 
the sleeve and there is some leak^e. As the turbine warms up, 
however, this disappears, the rings coming to a bearing. 

In the packing illustrated in Fig. 72 there are two carbon 
packing-rings, each of which is built up of three segments, which 
are preferably made with simple butt joints. These segments are 



Figs. 73 and 74. Carbon Gland. 

held together by spiral springs encircling the lot, as indicated 
in the engraving. Two brass rings, pressed apart by springs, 
as shown, keep the carbon rings up against their seats, and 
provision, it will be seen, is also made for introducing steam into 
the 'tween space. Pegs projecting from the seats on which the 
rings are bedded prevent these being carried round by the shaft 
as it rotates. 

An alternative form of gland is illustrated in Figs. 73 and 74 ; 
the spiral springs holding the segments together are here replaced 
by dat plate springs, mounted on brass spacing rings, as shown. 
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Here, ^ain, provision is made for admitting steam to the interior 
of the packing, thus preventing any possibility of air leakage into 
the turbine and theuce to the condenser. 

With impulse turbines of the cellular type some form of 
packing is generally provided to prevent leakage of steam where 
the shaft passes through the diaphragm. 

An excellent form is represented in Fig. 75. Here the gland 
consists of four cast-iron seg- 
ments, of which one is shown 
in section at A. These are 
serrated where they touch the 
shaft, and are held together 
by springs, as indicated at 

B. They are finished to a 
sliding fit between the plates 

C, C, and on these plates are 
shoulders, which fix a limit to 
the closing in of the segments. 
The serrations which touch the 
shaft are, in the first instance, 

finished to a diameter a few mils Fig. 75. Diaphragm Packing, 

less than that of the shaft; and 

the turbine is run slowly till the serrations are rubbed away a httle 
and the segments brought to bed on the shoulders of the parallel 
plates. If the shaft whips through any contretemps, or on 
passing through its critical speed, the spring, which holds the 
segments together, yields. These glands are practically steam-tight, 
and where adopted have done away with all diaphragm troubles. 
These were at one time very serious. 

In the Rateau-Westinghouse machine, illustrated in a subse- 
quent Chapter, the diaphragm packing consists simply of a bush of 
white metal, turned into serrations, and scraped to fit the shaft. 
The latter cannot seize, since the thin white metal edges readily 
rub away if at any point there is undue friction, and as they 
touch the shaft on a line only they have no tendency to distort 
the latter by heating. 

Water-packed glands have also been used to a considerable 
extent. They are absolutely air-tight, but absorb a good deal of 
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power, and on occasions deposits of lime from the water have caused 
trouble. Typical examples of such glands are represented in the 
description of the Rateau-Westinghouse turbine, already referred to. 
Here the gland is interposed between the atmosphere and an 
enclosure, in which the pressure may reach 100 lb. per sq. in. 
The speed of revolution being but 750 per minute, an impeller of 
lai^e diameter would be needed if reliance were placed wholly on 
the water gland, and to avoid this provision is also made for wire- 
drawing the steam through a labyrinth packing provided with 
"leaks-ofF" to parts of the turbine where the pressure is lower. 

The necessity of this provision becomes immediately apparent 
from the fact that the power absorbed by an impeller running at a 
constant number of revolutions varies nearly as liie fifth power of 
the diameter. 

The water gland may be proportioned as follows: — Let Do be 
the diameter in inches of the inner circumference of the rotating 
ring of water on one side of the impeller, and D^^ the inner 
diameter of the rotating ring on the other side ; then if p, in 
pound per square inch, be the pressure against which the gland is 
sealed we have 

P - 0-™ (llo)"- [K- + K.' ] . [d. - D.' ], 
N being the number of revolutions made per minute. 

If also Di be the extreme outer diameter of the impeller 
(also in inches), the horse-power absorbed by it is approximately 
given by the formula 

I LioJ " LtoJ " LtoJ /" Ifooo/ 
It thus appears that a water gland at the high-pressure end 
of a turbine may easily absorb something like 30 horse-power. 
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CHAPTER XIX. 

HIGH-SPEED BEARINGS. 

IN his paper on the design of high-speed rotors, published in the 
"Journal of the Junior Institution of Engineers," vol. xx., 
Mr. J. M. Newton states that it is usual to make the diameter of 
the journals of a turbine such that the maximum shearing stress 
on the metal due both to the weight and the torque is not greater 
than 3000 lb. per sq. in. Such a working stress is, of course, very 
low, and the reason for adopting it is to obtain a very stiff journal 
and thus ensure that its load is fairly distributed over the bra^. 
Were the bearings made shorter it would seem that the working 
stress might well be increased, but designers are cautious in 
proceeding in this direction. 

The diameter of the journal being obtained as stated, its surface 
speed can be deduced from the designed speed of revolution, in 
which case the length is fixed by the relation 

where 

^ Id 

Here W denotes the total weight carried by the bearing in pounds, 
I the length of the journal in inches, d its diameter in inches, and 
s the surface speed in feet per second. The value of C in the case 
of turbines for generator driving varies from 2500 up to 3000. In 
sea practice it has commonly a value equal to about 1500. 
Equivalent rules are : 

I ^L ^■^■^- 
" TOO' 1000 ■ 

W R.P.M. , ■ , v 

= — . — . — . for marine turbines. 
350 1000 

The work absorbed in such bearings is generally so considerable 

that it is necessary to cool the supply of oil. 
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The following rule for the heat generated per hour has been 
used in marine practice. Heat generated per hour 
= d.1. «.'". 

This formula is also applied to the thrust block, replacing d I 
by the area of the collars, and taking s as the mean speed of 
rubbing. 

In land practice temperatures rule higher, and the viscosity of 
the oil being diminished accordingly the friction loss ia less. From 
Dr. Lasche's experiments {" Traction and Transmission," vol. vi.) 
it appears that with a bearing temperature of 165 deg. Fahr. or 
thereabouts the energy dissipated in friction may be only 
2 d. I. ». B.Th.U. per hour. 

With a bearing temperature of 90 deg. Fahr. the heat generated 
is about doubled. In electric-light practice the journals are some 
6 mils to 8 mils slack in their bearings. If more closely adjusted 
than this, the loss by friction may be greatly increased {see Lasche, 
loc. cit. supra). 

If F denote the total heat generated per hour at all the 

bearings belonging to a turbine, then — represents the weight in 

pounds of oil to be supplied by the pumps per hour, and the 

surface needed in the cooler is equal to — sq. ft The tanks may 

have a capacity equal to -j^^ the total quantity of oil pumped per 
hour. 

The theoretical researches of Osborne Reynolds, and the experi- 
ments of Tower, Stribeck, and Lasche, give some reason for the 
belief that turbine designers have been unnecessarily liberal in fixing 
the proportions of their bearings. Lengthening a high-speed bearing 
does nothing to diminish its running temperature, since the area 
of oil sheared through per second is increased in the same propor- 
tion as the length, whilst the area through which heat can escape 
increases if anything a little less rapidly than this. 

The discovery that with well lubricated high-speed bearings 
the journal never comes in contact with the brass was made by 
Mr. Beauchamp Tower, and practical experience has only served 
to confirm this experimental result. Turbine bearings, after a run 
of several years, show no signs of wear. At times a little settle- 
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ment due to the compression of the white metal can be detected, 
but there is no actual erosion. 

In slow-speed bearings any heating indicates danger, and demands 
immediate attention, but high-speed bearings invariably run hot. 
Turbines in which the bearing temperature is constantly about 
195 deg. Pahr. have given no trouble in practice, but a more usual 
limit of temperature is 165 deg. Fahr. 

In one of Mr. Tower's experiments the head against which the 
oil was automatically pumped by being dragged in between the 
journal and its brass was no less than 625 lb. per sq. in. With 
slow-speed bearings, on the other hand, there is little drag on the 
oil ; the surfaces never become more than slightly greasy. The 
friction is then relatively high, and the laws of friction are, at the 
same time, those established by Morin. Moreover, since the 
opposing surfaces are in direct contact, wear always occurs sooner 
or later. 

The explanation of the pumping powers of a high-speed journal 
was discovered by Professor Osborne Reynolds. It lies in the fact 
that no well-lubricated journal is concentric with its bearing when 
running. If it were, the film of lubricant on it would be simply 
wiped off or squeezed out by the pressure carried, and this is exactly 
what happens with collar and pivot bearings. One gets in that 
case the contact of two slightly greasy surfaces, and Morin's laws 
of friction apply. The difference between the two cases of surfaces 
inclined to each other and parallel surfaces was beautifully shown 
by Osborne Reynolds in his paper published in the " Philosophical 
Transactions" in 1886. Suppose, for instance, that there are two 
parallel surfaces, the lower one of which, AB (Fig. 76), is moving 
relatively to the upper with a velocity of v feet per second. If 
the surfaces are merely adjacent, and there is no pressure squeezing 
them together, a film of lubricant between them will adhere to both, 
and be subjected to a shearing action. A line p g, which was vertical 
before the motion commenced, will be dragged out into the position 
p r, and there will be a certain resistance due to the viscosity of the 
lubricant, but the film between the plates is under no greater pressure 
than it is outside them. 

If a load be now applied, the lubricant will simply be squeezed 
out, and the surfaces will ultimately come into contact. 
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If, however, the upper surface is inclined to the lower, as 
indicated in Fig. 77, then the film can sustain a pressure. Assuming 
this to be the ease, when the 
Fig. 76. steady state is attained, as 

much lubricant must enter across 
the line Pi Qi as leaves across 
the line Pj Q^. The upper sur- 
face of the iilm is stationary, 
whilst the lower moves with a 
velocity equal to v, which is the 
Fir. 77. same at both points. Since the 

same quantity passes each section 
per second, the mean velocities v^ and v^ must be such that 

V, P, Q. = «, P, Q^ 
Hence the curve of velocities at the two sections is no longer 
represented by straight lines, such as Pi E, and Pg R,, but at the 
first section it lies to the right of P, Ri, having a form similar to 
the curve P^ S, R„ whilst on the left the bulge is in the other 
direction, as represented by Pj St Rj. The hatched areas, making 
due allowance for the negative portion in the case of section P, Q,, 
must be equal at both sections, since the volume passing is the 
same at both. This bulging of the velocity curve right and left 
can only be produced by an internal pressure, and it is this pressure 
which supports the load and keeps the surfaces from coming into 
contact. The bulging of the velocity curves takes place right and 
left of the line of maximum pressure, P Q say, and at this section 
the velocity curve is a straight line, as represented by P R, and the 
hatched area P R Q is equal to each of the other two hatched areas. 
Thus when two surfaces are inclined to one another the resistance 
of the lubricating fluid to shearing is transformed into an hydraulic 
pressure. If the flow of the lubricant becomes turbulent, then the 
velocity curves are no longer steady, and the condition of aflairs 
represented cannot be maintained, and lubrication ceases. The 
narrower the channel way and the greater the viscosity of the fluid 
the higher the speed at which turbulence begins to make its 
appearance. Professor Osborne Reynolds not merely gave the 
above qualitative explanation of lubrication, but worked out mathe- 
matically from the viscosity of the lubricant the best value of the 
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inclination between the two opposing surfaces. In the case of 
journals well bedded in their brasses, this inclination is, of course, 
very small. From the foregoing it will be obvious that the proper 
place to feed oil into a high-speed bearing is along points where 
the oil pressure is low, and not at the top or bottom of the 
brasses. For examples, see subsequent Chapters. 

As stated above, the lubrication of a high-speed bearing is 
effected by the oil being dragged in between the brasses, and this 
drag will be greater the greater the viscosity of the fluid. The 
more viscous the lubricant therefore the higher the pressure per 
square inch which can be carried, but at the same time the hotter 
the journal will run. This development of heat is, as already 
mentioned, not necessarily an indication of danger, in the ease of a 
properly lubricated high-speed bearing. What is important is that 
the oil should be sulBciently viscous to keep the rubbing surfaces 
apart. Water has only about -j^ the viscosity of ordinary lubri- 
cating oil, and hence, when used as a lubricant, as, for example, in 
the stern tubes of destroyers, the mean bearing pressure is limited 
to 20 lb. to 25 lb. per sq. in. of the projected area of the bearing. 

In railway-axle journals, on the other hand, a pressure of 
600 lb. per sq. in. is common ; grease, which is very viscous, being 
the lubricant. 

In starting up a thoroughly lubricated journal, it is found that 
the- friction diminishes progressively as the speed is raised, and 
attains its minimum value at the moment the oil 6rst forms a 
complete unbroken film between the bearing surfaces. A joumtU 
run in this condition of minimum friction is, however, in a somewhat 
precarious state. Should the temperature rise through, say, a change 
in the air currents round the bearing, the viscosity of the oil 
will be diminished, and the drag will then be insulBcient to carry 
the film completely round the bearing. 

The pressure per square inch at which the oil film is likely to 
be squeezed out of the bearing depends upon the temperature of 
this oil film, which, it may be noted, is not necessarily that of the 
bearing as a whole, since heat is conducted away from the oil by 
the metal, and the latter is, therefore, at a lower temperature than 
the film. The temperature of this film is quite independent of the 
pressure it supports, but depends solely upon the rate at which it 
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is sheared, and on the rate at which heat can be conducted away 
through the body of the journal and brasses. 

Experiment shows also that .in a high-speed bearing the coefficient 
of friction is independent of the load. 

In a paper read before the Manchester Association of Engineers, 
in 1907, Dr. J. S. Nicholson has given the following rational 
formula for the length of a high-speed bearing : 



40 rf' N* 
where P denotes the total load carried, d the diameter in inches, 
and N the number of revolutions per minute. 

Id this formula, which has not yet been fairly tested in 
practice, it will be seen that the greater N the shorter the bearing 
may be. The practice of the old millwrights was, however, to 
use longer bearings the higher the speed. Such bearings 
were, however, imperfectly lubricated, and thus liable to wear. 
This tendency could be diminished by increasing the bearing 
surfaces, and this had the additional advantage that the little 
lubricant supplied was less likely to be squeezed out. 

The fact that great length of bearing is not essential to good 
running at high speeds has been established experimentally by 
Dr. Lasche, who successfully ran an experimental bearing lOj id. 
in diameter by 4f in. long under a load of S^ tons, or 167 lb. 
per sq. in., the rubbing speed being 33 ft. per second. Hitherto, 
however, turbine designers have not ventured far in the direction 
of cutting down the length of journals, though some tendency in 
this direction is now observable. 

The self-lubricating properties of high-speed bearings are almost 
unique. Thrust blocks, slides, and pivots show no similar phenom- 
enon, and so far from tending to draw oil in between the surfaces 
to be lubricated, their whole tendency is to extrude any existing 
oil film. Nevertheless, when well cooled and supplied with oil 
under pressure very great loads can be carried. Thus in an experi- 
ment by Dr. Lasche (" Zeitschrift Vereines Deutscher Ingenieure," 
25th August, 1906), the bearing block was of gun metal, water 
cooled and faced with white metal. The running ring was of 
hardened steel, 298 mm. in outside and 185 mm. in inside diameter. 
Six grooves for ensuring an oil supply were cut in this ring before 
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hardeniog it. If cut in the white metal they were found to squeeze 
out under heavy loads. 

The bearing carried for some hours a load of 15 tons when 
rotating at 900 revolutions a minute. This load corresponded to a 
pressure on the bearing surfaces of 550 lb. per sq. in., and the 
work absorbed in friction was 12 horse-power. Subsequent exami- 
nation of the bearing showed indications of incipient fusion of the 
white metal, proving that this load was too high, but a load of 
12 tons could apparently have been carried indefinitely. The block 
not having the self-lubricating properties of an ordinary cylindrical 
bearing had to be fed with oil under high pressure. 

A self-lubricating thrust block has, however, been designed by 
Mr. Michell on the basis of Osborne Reynolds' researches, to which 
allusion has been made above, and has been successfully applied to 
steam turbines. 

Osborne Reynolds showed that for automatic lubrication the 

opposing surfaces must not be parallel to one another, and in a 

highspeed bearing the journal is never, when running, concentric with 

its brass. A corresponding condition is established in the Michell 

thrust bearing by constructing it so that the surfaces involved 

adjust themselves automatically to the required inclination. This 

is effected by transmitting the pressure from the moving to the 

standing collar through a series of segmental blocks. These are 

cut away, as shown in Fig. 78, so 

that the resultant of the load Pi 

at each sliding surface intersects 

the area involved at a point b 

or h,, such that a, 6i = 2 fei c^ and 1 

, , . MicheU Thrust Block 

a = 2 c. Asa consequence 

the pressure is unequally distributed over the surfaces a c and 

Oi Ci, and the block automatically takes a slight tilt, establishing 

the condition necessary for automatic lubrication. This tilt is 

very small, corresponding to an inclination of about 1 part in 

3000. 

The cap on the running part of this bearing is represented on 

the left of Fig. 79. To the right of this is shown the collar or box 

segments in place. One has been removed, and is shown separately 

below. They are held in the proper relative positions by small 
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set-8crew8 as shown. The standing part of the bearing abuts on 
the spherical seat represented on the extreme right. 

In some tests of one of these bearings a load of 800 lb. per sq. in. 
was successfully carried. The block was merely immersed in oil, 
and attended to its own lubrication. It ran quite cool, and the 



Fig. 79. Compoiieiita of Michell TlinisC Block. 

frictional resistance was too 

small to be recorded. A 

■^ parallel test made with an 

■f ordinary collar bearing, loaded 

I to the usual 50 lb. per sq. in., 

j. showed a coefficient of fric- 

jS tion equal to 0.06, or prac- 

.g tically Coulomb's value for 

I surfaces merely greasy. 

I The diagram, Fig. 80, 

* J due to Mr. H. T. Newbiggin, 

Fig. 80. A.M.I.C.E., shows what loads 

can be carried with different 

lubricants and different running speeds. 

The coefficient of viscosity which appears in the diagram in 
question may, from a practical standpoint, be explained as follows : 
Consider a collar bearing with a single pair of collars. Let the 
thickness of the film of lubricant between the collars be B cm.. 
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and let w be the width of the collar in centimetres, and a- its mean 
running speed expressed in centimetres per second. Then if W 
denote the work expended in friction per second expressed in gramme 
centimetres, the value of the coeflBcient of viscosity « is 

*" tv.ff' 

From the physical standpoint k is the force required to move one 
square centimetre of one surface over one square centimetre of the 
other, at a speed of one centimetre per second, when the distance 
between the two surfaces is one centimetre. 

In practice its value is generally determined by causing first 
water at its ordinary temperature to flow through a capillary tube 
under a certain head h. The other fluid at its working temperature 
is next caused to flow through the same tube under the same head. 
Then if the time taken for 1 cub. in. of water to pass is t and that 
for the lubricant t the coefiieient of viscosity for the lubricant is 
approximately given by the relation 

_ 0.01 . p.t 

where p denotes the specific gravity of the lubricant at the temperature 
of the experiment. 
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CHAPTER XX. 

THE STRENGTH OF ROTATING DISCS. 

AS is generally known, all attempts at finding accurately the 
stresses which arise in a thin flat disc when it is set in 
rotation have unifonnly resulted in failure. In practical construction, 
however, absolute accuracy in stress determinations is quite 
unnecessary, and by making certain assumptions, which are known 
to be fairly correct, there is no doubt but that the designer of a 
high-speed turbine wheel can get a very good idea as to the 
stresses he is imposing on his material. 

Even with the approximate theory, however, the equations 
giving the stresses are very complicated. This is true even when 
the wheel is a disc of uniform thickness, and matters are aggravated 
greatly when this thickness is a variable one. 

If, for instance, the thickness a of the disc at radius r is 

given by the relation a = — > where c is a constant, then the 
r 

approximate theory* shows that the radial stress q in such a disc 

(if of a substance having the density of steel) revolving at the rate 

of n revolutions per second is given by the relation 

-, + y+^T4-7+g -'-^T-^^+T + T g 63.42 »*»» 

whilst t, the tangential stress, is given by the relation 

If 7 = 0, we get the case of a disc of constant thickness, for 
which we have accordingly 



* The equations given above were deduced by making a minimum the work done by 
the radial and tangential streeaes, taking tlie latter to be functions of the radius only. 
Other assumptions lead to equivalent results. 



y Google 



STXAH TURBINES : 



and 



With 7=1 the disc has a hyperbolic outline, and the stresses 
then depend on fractional powers of r. In the small De Laval 
turbines 7 = 2, and here, again, the stresses depend upon fractional 
powers of »■, a fact which makes them exceedingly troublesome 
to compute. The lengthiness of the calculation, moreover, increases 
the danger of numerical errors. 

In all cases, however, the stresses on similar discs vary directly 
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as the square of the peripheral speed. In this circumstance lies the 
possibility of avoiding lengthy arithmetical work by the use of 
curves drawn out once and for all, and in Figs. 81 to 83 curves of 
this kind have been plotted for three different forms of disc viz., the 
disc of constant thickness, the hyperbolic disc, and the disc in which 
the thickness varies inversely as the square of the radius. 

If a thin ring of steel d in. in diameter makes N revolutions 
per minute, the tangential stress T developed is given by the very 
simple equation 

\ 10 ' MOO / 



y Google 



THE STRKNOTH OF ROTATING DISCS. 



Thus a thin ring of steel 40 in. in diameter, running at 3000 
revoiutioDB per minute, would be subject to a stress of no less than 
28,800 lb. per sq. in. 

Now, in Fig. 81, the curves on the right show the ratios (f or m) 
which the stresses in a disc of any diameter, and of constant thickness, 
bear to the stresses in a thin ring of the same diameter and running 
at the same speed. Thus, for the case of a disc with a hole in it 
equal to one-tenth the external diameter, the tangential stress at 
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the inner diameter will be 0.815 T, or if the speed is 3000 revolutions 
per minute, and the diameter 40 in., the stress at the inner periphery 
will be 0.815 x 28,800 = 23,470 lb. per sq. in. 

At the outer periphery of the same disc the stress will be 
0.197 T, or 5670 lb. per sq. in. At intermediate points of the 
disc the ratio that the tangential stress bears to T is given by 
the height of the ordinates to the curve marked m = 0.1. 

The ratio which the radial stresses bear to T are given by 
the ordinates to the dotted curve marked m = 0.1. This stress is 
zero at each periphery, and attains its maximum value (for the 
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case in which m = 0.1) at the radiua r = 0.28 R^ nearly (Ro being 
the external radius), and in this region it amounts to about 0.33 T, 
or 9504 lb. per sq. in. 

If the hole in the disc is half the outer diameter, then the 
curves to be used are those marked m = 0.5. In that case, for 
instance, the tangential stress at the inner periphery is about 0.86 T, 
and at the outer about 0.4 T. The maximum radial stress occurs 
at a radius of about 0.7 Rq, and is equal to about 0.10 T. 
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Fig. 83. 

The curves on the right of Figs. 82 and 83 are exactly similar 
in meaning and use. In the case of a hyperbolic disc, with a hole 
in it equal to ^ the outer diameter, the tangential stress at the 
inner periphery is, it will be seen, about 0.3 T, or leas than f as 
much as it is in the case of a disc of constant thickness. 

For the ease in which the thickness varies inversely as »■*, the 
stress at the inner periphery is still further reduced, being less 
than 0.12 T, and here, as will be seen, we are, with small holes, 
approximating to the condition of equal tangential stress throughout. 
With a 40-in. disc of this type, for instance, having in it a hole 8 in. 
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in diameter, and running at 3000 revolutions per minute, the calcu- 
lated tangential stress at the inner periphery is 0.271 x 28,800 = 
7800 lb. per sq. in., and at the outer periphery 0.132 x 28,800 = 
3800 lb. per sq. in. 

The curves on the left of each figure show the stresses caused 
in each disc by the application of a load of p lb. per sq. in. to the 
outer periphery. Thus, if a stress of 10,000 lb. per sq. in. be applied 
to the outer circumference of a flat disc 40 in. in diameter, having in 
it a hole of 8 in. diameter, the tangential stress at the inner periphery 
is about 2.1 X 10,000 = 21,000 lb. per sq. in., and similarly for other 
ratios of internal to external diameter. 

The problem which generally meets a designer is to find the disc 
proportions necessary to support a given rim carrying one, two, 
or three rows of blade.^. 

Thus, take such a rim as that repre- 
sented in Fig. 84. The area of the rim, 
deducting that of the slots in which 
the blades are fitted, is 3.65 sq. in. Of 
this, say, 0.4 sq. in. may be taken as 
being merely an extension of the wheel 
centre, and directly supported. This 
leaves 3.25 sq. in. as partly supported by 
its own strength, and in part by the 
assistance it gets from the disc centre. 
If the mean outer diameter of the rim 
is 40 in., the total weight thus carried 
will be about 112 lb. 

If the revolutions are 3000 per 
minute, the rim, if entirely unsupported, 
^'^" would be subject to a stress of about 



Vio/ Xioo) 



due to its own weight alone. The De Laval Company have 
probably had more experience with heavily strained rotating discs 
than anybody else, and, according to Mr. Konrad Anderssen, they 
permit, in the body of their wheels, stresses of about 11.2 tons 
per sq. in., whilst in the thinned " safety " section, just under the 
rim, the stress rises to over 16 tons per sq. in., which must be a 
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large fraction of the elastic limit, even with the high-quality 
steels used. 

Assuming the uae of a less high quality of steel, such as 
ortlinary mild steel, we shall adopt in what follows a working 
stress of 16,000 lb. per sq. in. on the disc section of the wheel; 
but in the rim it must necessarily be less than this. In short, 
the rim and the disc must have the same strain, not the same 
stress. In the rim the axial stress is negligible, so that the increase 
of radius due to a tangential stress t is equal to 

where E denotes Young's modulus. In the case of the disc, on the 
other hand, there is a heavy radial stress in addition to the 
tangential. If these two are nearly equal, and Poisson's ratio is 
taken at its theoretical value of one-quarter, the extension of the 
radius under a tangential stress, (, will be 

4E . 

3 

Hence, therefore, if the working stress on the rim be taken 

as equal to three-quarters the working stress on the disc, or, say, 

12,000 lb. per sq. in., the rim and the disc will have practically 

equal strains. 

Hence, of the total weight of the rim 1M22 x 112 = 46.G lb., 
^ 28,800 

will be carried without assistance, whilst the remainder, or 112 — 

46.6 = 65.4 lb. will be transferred to the disc centre. In addition 

the buckets, spacing pieces and shrouding will add a weight of, say, 

67 lb. more. Hence the total weight, W, carried by the disc will 

be 132.4 lb. When the wheel is in rotation, this weight will 

develop centrifugal forces, the intensity of which, reckoned in pounds 

per inch run of the disc circumference, is given by the relation 



Load in pounds per inch r 






If we allow 16,000 lb. per sq. in. as the working stress, the 
thickness of the disc at the edge will be 0.338 in. 

Suppose the effective inner diameter is 6 in., then a reference 
to Fig. 81 shows that if a disc of constant thickness be used, the 
tangential stress at the inner periphery, due to the above edge- 
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loading, will be about 2.1 x 16,000 = 33,600 lb. per sq. in., so that 
the use of such a disc is out of the question. 

Next assume the disc to be of the hyperbolic type. From 
Fig. 82 it appears that the tangential stress at the inner periphery, 
due to a radial stress of 16,000 lb. per aq. in. at the outer, amounts 
to about 0.65 x 16,000 = 10,400 lb. per sq. in. 

At the same time, however, a reference to the right-hand side 
of the same figure shows that the tangential stress due to the mass 
of the disc itself amounts at the inner periphery to about 0.4 T, 
where 

^-'■" (re)' "(i^) -'*•«*"'■'»'«'•'"■ 

Hence 0.4 T = 11,520, so that the total stress at the inner 
circumference will be 11,520 + 10,400 = 21,920, which is too 
great. Thirdly, let the disc be of the third type. Here the 
tangential stress at the inner periphery due to the radial load 
is, from Fig. 83, about 0.17 x 16,000 = 2720 lb. per sq. in.; 
and the stress due to the mass of the disc itself will be 
28,800 X 0.19 = 5470, making a total of 8190 lb. per sq. in. Hence 
the factor of safety is more than ample, but the thickness of the 
wheel at the inner periphery is very great, being 44j times the 
thickness at the rim, or 15 in. We may, however, by interpolation 
find the exact value of 7 which will give a maximum stress of 
16,000 lb. per sq. in. at the inner periphery. 

Let the thickness of the wheel be denoted by 

"We can tabulate the following stresses for different values of 7 : — 



7- 


Stress Due to Bim Load. 


Stress Due to Mass of DJBC Iteelf. 


Total Stress. 



1 

2 


33,600 1 23,600 
10,400 11,620 
2,720 1 5,470 

1 


57,200 
21,920 
8,190 



If we plot these, as in Fig. 85, we find that the required 
stress at the inner circumference will be attained if 



In this equation the constant C can be calculated once the rim 

Digitized by V_tOOQIC 
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thickness is known, and this thickness, as calculated on page 190, 
was 0.338 in. Thus, when D = 40 we have a = 0.338 in., as found 
above, whence C = 40.89. Using this value of C we find that when 
D = 6, a = 3.981 in. ; when D = 20, a -= 0.8328 in.; and when 
D = 30, a = 0.401 in. Having now these dimensions, a profile of 
the disc can be sketched in. 

So far as the stresses at the inner periphery are concerned, 
a disc having the above dimensions would suffice. An examination 
of Figs. 81, 82, and 83 shows, however, a possible danger point, 
at diameter D = 0.9 x 40 = 36 in. Tabulating values for this 
region we get the following table : — 



y- 


Tangential Streae Due to a Badia) 
Stress of 16,000 lb. at Bim. 


Tangential Stress Due to Disc's 
Own Mass. 


Total Tangen- 
tial Stress. 




1 

2 


lb. per square inch. 
16,800 
14,400 
9,975 


lb. per square inch. 

7200 
6050 
4180 


lb. per 
square inch. 
24,000 
20,460 
14,155 



Plotting these values in Fig. 85, it appears that the stress at 3G-in. 
radius, taking 7 as 1.3, is about 18,800 lb. 
per sq. in. We can reduce it either by 
making the disc thicker throughout, or by 
increasing the value of 7 to, say, 1.75. If 
we adopt the former course, and maintain 
the value of 7 as 1.30, we find by plotting 
that the 18,800 lb. per sq. in. total stress, 
found above to exist at 36 in. in diameter, 
is made up of two elements — viz., 13,300 lb., 
due to the edge-loading, and about 5500 Ib. 
as due to the mass of the disc itself. The 
latter will be unaltered if we increase throughout the disc thickness in 
the same proportion, whilst the former stress is inversely proportional 
to the disc thickness. Since the total stress is not to exceed 16,000 lb., 
the stress due to the edge- loading must not exceed 16,000 — 5500 
= 10,500. Hence the thickness of the disc must be increased 
. 13,300 



r^ — 



F^. 85. 



throughout in the ratio of 



10,500 



We thus get thickness at 40 in. 
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= 0.428; at 30 in. = 0.621; at 20 in. = 1.056; at 6 in. = 
5.18 in. 

Having obtained a theoretical disc profile as above, a practical 
form may be drawn to include it, as indicated in Figa. 86 and 87, 
where the theoretical profiles are represented by the dotted lines, 
and outside them a practical form by the solid lines. 

Obviously the thin portions 



TMeoiitncJu.ua pHMCTtcM. paoriiss. 



of the theoretic profile near 
the shaft can be of very little 
assistance in practice, however 
efiective they may be on the 
approximate theory necessarily 
adopted as a basis of calcula- 
tion. Hence a practical profile, 
such as that shown, must be 
put in by the exercise of the 
designer's judgment. The neces- 
sity for this procedure makes it 
absurd to use great refinements 
in the calculation of the strength 
of such wheels. The extra metal 
added, being near the hub, adds 
little, it may be noted, to the 
total weight of the wheel. 

Turbine wheels must be made 
a tight fit on their seats, so as 
to avoid any risk of them getting loose when in work. This, of 
course, implies that the inner periphery of the wheel is strained 
when the wheel is forced into place, and the question arises as to 
how far it is necessary to take such straining actions into account. 
The answer given is largely a matter of individual judgment In 
the writer's view provision for seat stress is unnecessary, for several 
reasons. In the first place, stresses due to deformations are materially 
different in character from those due to applied loads. A load 
"is always at it," but an excessive stress caused by a surface 
deformation is relieved by the plastic yield of the material. Thus 
it is not easy to burst a mild-steel ring by drifting it out ; 
whereas were an internal pressure applied giving the same 




Fig. 86. 



Fig. 87. 
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calculated stresses, the rinji; would fly in pieces. Further, when a 
wheel is run up to speed, the inner periphery expands, under the 
stresses induced by the centrifugal forces, thus relieving to a large 
extent those due to the forcing of the wheel on to its seat. Finally, 
the necessity for adopting a practical profile greatly strengthens the 
hub of the wheel. 

Those who hold a contrary view as to the importance of stresses 
arising from forced fits can, however, deduce the stresses arising 
from loads applied to the inner periphery of a wheel by using 
the same curves as are employed in finding the stresses due 
to loads applied at the outer periphery. Thus, if the stress at any 
radius due to a stress p applied at the outer periphery is <r p, then, 
if the stress p be applied instead to the inner periphery, the 
corresponding stress at the same radius will be (1 — <T)p. 

The curves given apply solely to wheels having central holes. 
Where solid wheels are used, the most economical section is that 
of Dr. de Laval. If p be the radial stress permitted at the outer 
periphery of the disc of diameter D, then t the thickness of the 
disc at this point can be calculated. The thickness at any other 
diameter d of the solid disc is then given by the relation 

Here D and d are both taken in inches, and e = 2.718. 

The stress throughout the disc has then everywhere the same 
value p. 
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CHAPTER XXI. 
GEARED TURBINES. 



DR. DE LAVAL was tho first to realise the possibilities of 
geared steam turbines. By the use of high-speed gearing 
it is possible to drive machinery at a moderate rate of rotation 
by means of a turbine turning with a very great angular velocity, 
Thus in the case of small Laval turbines a speed of 30,000 revolu- 
tions at the wheel is reduced by gearing to 3000 revolutions. 
Within certain limits, the higher the turbine speed the more cheaply 
is it possible to attain a given standard of efficiency. It has, 
however, to be observed that gearing is not universally applicable. 
Very large turbines must always run at a moderate angular 
velocity. It has been found quite possible to build turbines of 300 
to 500 horse-power to run at 10,000 revolutions per minute, but it 
would not be possible to construct an efficient 3000 horse-power 
turbine to run at the same speed. In fact, for a given heat drop 
the blade speed should be the same for the large as for the small 
turbine, that is to say, the mean diameter of the buckets should be 
the same. To get ten times the power from the wheel the buckets 
should therefore be ten times as long, and would thus become 
practically mere spokes fitted to a central boss. 

Direct connection will therefore continue to be the rule in the 
case of turbines of any considerable size driving electric generators ; 
but for small outputs the geared turbine has a substantial advantage, 
and for special purposes, such as propeller driving, gears transmitting 
some thousands of horse-power, may, with advantage, be used to 
connect up a slow-speed propeller to a high-speed turbine. 

In the De Laval turbines the pitch line speed of the gear is 
as high as 100 ft. per second. The teeth are short and numerous, 
as indicated by the table on the next page, showing the pinion 
sizes used in different cases. 
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The tooth pressure allowed per lineal inch is about 10 lb. in 
the smallest sizes, 30 lb. in a 30 horse-power gear, and 45 lb. in 
the gears for a 300 horse-power turbine. These are much less than 
is permitted in motor-car practice, where, with wheels of chrome- 
vanadium steel, case hardened, tooth pressures of 1300 lb. to 1500 lb. 
per lineal inch have been freely adopted, with pinions having about 
five teeth per inch of diameter and a pitch line speed of about 1 5 ft. 
per second. These motor-car gears have, of course, straight teeth, 
whilst double helical gearing is invariably used for turbines. 



H..P. of Toibine. 


Pinion in Inchee. 


Number of Teeth. 


Deplh of Teeth 
in Inches. 


10 
75 
110 
300 


1.077 
1.63 
1.82 
2.66 


21 
19 
23 
31 


0.075 
0.1169 
0.1169 
0.1276 



The first lai^e high-speed gear to be used in service was that 
installed in the " Vespasian" by the Parsons Marine Steam Turbine 
Company in 1910. A view of this gear is given in Figs. 88 and 
89. The gear wheel is 8 ft. 3^ in. pitch diameter, and has 398 
teeth with a circular pitch of 0.7854 in. The material is forged 
mild steel. The teeth are inchned at an angle of 20 deg. to the 
axis of the wheel. The pinions are of chrome-nickel steel having a 
tensile strength of 37 tons and an elastic limit of 32 tons per sq. in. 
Each pinion is 5 in, in diameter having 20 teeth, so that the gear 
ratio is 19.9 to 1. As shown, there are two pinions on opposite sides 
of the main gear wheel. One of these pinions is driven by the 
high-pressure turbine and the other by the low-pressure. The pitch- 
line speed is about 30 ft. per second, and the pressure on the teeth 
about 370 lb. per lineal inch. The efficiency of the gear is about 
98^ per cent. The wear after two years' running was found not 
to exceed 2 mils, and even this is attributed to the fact that settling 
chambers were not in the first instance provided for the oil used in 
lubricating the gears, so that the latter carried up a little grit into 
the teeth. On subsequently making provision to keep the oil clean, 
the teeth took and kept a fine polish. 

In another installation fitted at Calderbank steel works to drive 
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a rolling mill, the turbine, designed to develop 750 brake horse- 
power, runs at 2000 revolutions per minute. The high-speed pinion 
is 7.143 in. pitch diameter and has 25 teeth, the gear wheel having 
131 teeth, and the gear ratio is, therefore, about 5.2 to 1. The 
pitch-line speed is 62.4 ft. per second, and the tooth pressure per 



Figs. 88 and 89. The Gearing of the "Vespasian." 

lineal inch is 275 lb. The gears as before are double helical, the 
teeth being bobbed to spirals set at 23 deg. to the axis of the 
wheels. 

In America some very large high-speed gear wheels have been 
constructed by Mr. George Wesfcinghouse. One of these, designed 
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to transmit 6000 horse-power with a gear ratio of 5 to 1, had 
pinions with thirty-five teeth and 1^ in. circular pitch. 

The helices in this case make angles of 30 deg. with the axis 
of the shaft. The turbine runs at 1500 revolutions per minute, so 
that the pitch line speed is about 92 ft. per second. The normal 
pressure on the teeth per lineal inch is 1180 lb. Careful tests 
(see Engihbeeing, Dec. 3, 1909) showed an efficiency ranging between 
97.8 to 99 per cent. In this case the pinion is supported in a 
" floating frame," a device originally introduced by Messrs. Melville 
and Macalpine, and intended to allow the pinion to adjust its angular 
position with regard to the main wheel. 

The question as to whether or no the fitting of such an 
arrangement is advisable must be settled by practical experience, 
but there are certain theoretical considerations which for the present 
(1912) make its utiHty somewhat doubtful. 

In view of the very high speed of the pitch line and the con- 
siderable inertia of the pinion, it does not seem possible that the 
latter can, in practice, adjust itself to provide for faults in the teeth. 
Again, if any such adjustment does take place the pinion will be 
tilted axially, and its teeth "set across" those of the gear wheel. 
There is thus much reason to believe that the success of the system 
depends mainly on its never being called upon to act. 

In gearing down turbines a considerable reduction ratio is 
generally required, and the teeth should be designed accordingly, 
The following note on this subject is taken from " Traction and 
Transmission," vol. vii., page 122. 

"Generally speaking, a small pinion does not gear well with 
a large wheel, at least with teeth of the involute type. To avoid 
interference it is accordingly a common practice to ease off the points 
of the teeth, which then, of course, are no longer of the true involute 
form. The nature of this interference is well shown in Fig. 91, in 
which the teeth are made in the usual way, the point being 0.3 pitch 
and the root 0.4 pitch, making the total height of the teeth 0.7 
pitch. It will be seen that the points of the teeth A' and B^ are 
liable to jam. On plotting successive positions of the interacting 
tooth faces, however, as in Fig. 90, it will be found that whilst 
the point of contact between two teeth sweeps over the whole face 
of the pinion tooth, only a small fraction of the face of tlie wheel 
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tooth is utilised, and hence the theoretical height of the pinion 
tooth is, as Fig. 90 shows, much greater than the theoretical height 
of the wheel-tooth gearing with it. By taking advantage of this fact 
involute gears can be designed, in which a small pinion will gear 
perfectly well with a large wheel without the slightest danger of 
interference. A set of teeth designed on these lines is shown in 
Fig. 92. It will be seen that the pinion teeth extend far above 
the pitch line, and are almost all addendums, whilst the wheel 
teeth are practically all roots. The total height of the teeth is 
made from 1.8 to 2 the diametral pitch, the latter being taken 
as circular pitch divided by w." 
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CHAPTER XXII. 

THE CONDENSER. 



THE turbine is the only form of steam -operated prime mover 
which is able to derive a fair degree of advantage from 
really high vacua, but even the turbine is incapable, when con- 
structed as a commercial machine, of benefiting as much by 
extremely low back pressures as it theoretically should. Thus 
Mr. M. G. I. Swallow (Transactions of the North-East Coast Insti- 
tution of Engineers, 1911) has made the following comparison 
between the saving theoretically due to diiferent increases in vacua 
and the figures actually realised with a large turbine designed to 
work with a vacuum of 28^ in. : — 



Increase of Vacmim. 


Theoretical Saving in 
Steam per Cent. 


Actual Saving in 
Steam per Cent 


27 in. to 28 in. 




6.8 


5 


28 in. to 29 in. 




11.4 


6 


29 in. to 29^ in. 




16.0 


6.6 



The fact remains, however, that although at high vacua the 
economy to be realised is but a fraction of what is theoretically 
due, the gain is still substantial, and it is therefore very desirable 
to supply steam turbines with condensers of the highest efficiency. 
In fact, the introduction of the turbine has led to great improve- 
ments in the design of the condenser, the pioneering work in this 
direction being mainly due to Sir Charles A. Parsons. 

The theoretical limit to the vacuum possible in a condenser is, of 
course, fixed by the temperature of the circulating water. The diagram 
(Fig. 93, pf^e 202), reduced from one contributed to the Journal of 
the Junior Institution of Engineers in 1912, by Mr. J. M. Newton, 
B. Sc, shows the vacuum theoretically possible with cooling water 
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supplied at the different temperatures marked on the curves, and 
with different ratios of Q, the weight of circulating water aupplied, 
to W, the weight of steam condensed. It will be noted that to 
obtain a high vacuum a low temperature of cooling water ie much 
more important than the quantity supplied. With cooling water at 
80 deg. Fahr., supplied in the ratio of 70 lb. to 1 lb. of steam 
condensed, the theoretical vacuum is just over 28.3 in. ; whilst 
if the cooliug-water temperature is 40 deg., the theoretical vacuum 
is raised to nearly 29.6 in. It is further noteworthy that when 
the ratio of cooling w^ater to steam is increased beyond 70 to 1 
the vacuum rises very slowly, and the power expended in pumping 
may then exceed the gain derived. In power-station practice under 

average conditions the ratio ^ is commonly between 60 and 70. 

The temperature rise of the cooling water may be taken as equal 

, 1050 W 
to --^-. 

The curves in Fig. 93 
show the vacuum theoreti- 
cally due, but in practice this 
is for a number of reasons 
never realised. The most 
important of these disabilities 
is to be found in the presence 
of air in the condenser, part 
of which obtains access from 
leaky joints, whilst part is 
carried into the boiler in 
solution in the feed water. 

Mr. D. B. Morison has „. „„ 

Fig. 93. 
made many experiments on this 

latter point. He finds (Transactions of the Institution of Naval Archi- 
tects, 1908) that the fresh water carried in ships' tanks commonly holds 
in solution 2 to 3^ volumes of air for every 100 volumes of water. 
Condensed water as drawn off from an ordinary condenser, through 
the air pump, contains 1^ to 2 volumes of air {measured at normal 
pressure) per 100 volumes of water; but if withdrawn from the 
upper part of the condenser, without being allowed to shower 
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down through the air-logged lower portion, it may, he states, contalD 
practically no air. If the feed is pumped into a feed tank without 
disturbance, and fed into the boiler by a float-controlled feed pump, 
no further aeration of it occurs. Mr. Morison's figure of Ij to 
3 volumes of air per 100 of feed water is equivalent to about 
2^ lb. of air per 10,000 lb. of feed. Mr. Newton, in the paper 
already referred to, states that in good commercial power-station 
practice, the air pumps ought not to be called upon to remove more 
than 4 lb. of air per 10,000 lb. of steam condensed. By taking special 
care this figure can, in fact, be very substantially reduced ; and 
Professor Josse has, in the case of a 300-kw. Parsons turbine, 
succeeded in reducing the ratio in question to rather under 1 lb. 
of air per 10,000 lb. of water evaporated. Every pound of air 
which enters the condenser has to be removed by the air pump, 
and at high vacua the volume occupied by 1 lb. of air becomes 
enormous. 

If the temperature of the interior of a condenser, near the 
steam inlet, be measured with precision (a matter of some diffi- 
culty), it ia found that this temperature is that corresponding 
to the pressure as given by an ordinary steam table. Thus, if the 
temperature here observed be 101.4 deg. Fahr., a reference to a 
steam table shows that the corresponding pressure is 0.980 lb. 
absolute, or 2 in. of mercury, and is equivalent accordingly to a 
vacuum of 28 in., which is, in fact, the vacuum which would be 
registered by an accurate gauge attached to the condenser at the 
top. A similar gauge fixed on the air-pump suction would give 
precisely the same reading, there being no appreciable difiference in 
pressure between the top and bottom of an ordinary condenser. A 
thermometer reading taken at this point is however invariably lower 
than that registered at the steam inlet, and this difference is greater 
the greater the proportion of air to steam which enters the con- 
denser. Two such thermometers may therefore be employed as 
a sort of air gauge. The closer their readings, with a stated 
vacuum, the less is the air entering the condenser. 

At the air-pump suction, in fact, the total pressure registered 
is the sum of the " partial " pressures of the steam and of the air 
there present. The pressure at this point exerted by the steam 
is obtained irom the temperature on referring to a steam table. 
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Thus, if the thermometer reading here were 80 deg. Fahr., the steam 
table shows that the pressure exerted by the steam in this locality 
is 1.02 in. of mercury. The temperature at the steam inlet was, 
however, 101.4, corresponding to an absolute total pressure of 2 in. of 
mercury. The diflerence must be due to the air, which accordingly 
exerts a pressure of 2.00 — 1.02 = 0.98 in. of mercury. One pound of 
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Yig. 94. 

air at the atmospheric pressure of 30 in. and an absolute temperature 
of 518.4 deg. Fahr. occupies a volume of 13 cub. ft. Hence at a 
pressure of 0.98 in. of mercury and an absolute temperature of 
459.4 deg. + 80 deg., the volume occupied will be 

Hence for each pound of air entering per minute the air pomp 
must have an effective displacement equal to the above figure. 
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The necessity of such a calculation as the above may be avoided 
by using the curves given in Fig. 94, which are taken from a 
paper read by Mr. D. B. Morison before the Institution of Naval 
Architects in 1908. 

If, now, the quantity of air which enters the above condenser 
is doubled, the air-pump capacity and the flow of circulating water 
being the same as before, the eflect on the vacuum can be readily 
realised. In order to get away the doubled quantity of air, the 
air pump, having a fixed displacement, must receive it at twice the 
pressure. Hence the partial pressure of the air rises to 2 x 0.98 
= 1.96 in. of mercury. Adding the partial pressure of the steam, 
which is 1.02 in. of mercury at 80 deg. Fahr., the temperature of the 
air-pump suction, the total pressure inside the condenser becomes 
1.96 + 1.02 = 2.98, corresponding to a vacuum of only just over 
27 in. This rise would reduce the efficiency of a turbine by about 
5 per cent. 

The results of a very instructive set of comparison tests of a 
300-kw. plant, showing the detrimental effect of air, have been 
given by Mr. Newton in the paper already quoted, and are 
reproduced below : — 



Test Number. 


1 


2 




6,500 


6,600 


Cooling water, quantity per minut«, gallons 


500 


330 


temperature at inlet, deg. Fahr. 


52 


i8 


at outlet „ 


73 


80 




102 


84 




65 


77 


Correaponding partial pressure of air, lb. per sq. in. 


0.70 


O.U 


Weight of air entering condenser per hour, lb. 


20 


2.1 


Power taken by condensing plant, kilowatt 


13.8 


6.6 



The turbine in question was rated at 300 kw., and the first 
set of tests were made immediately after erection. The air leakt^e 
was excessive, making necessary an abnormal expenditure of power 
in running the pumping plant. An examination of the copper 
bellows pipe between the turbine and the condenser disclosed a 
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number of small pin holes, and on stopping these the results obtained 
on the second trial were realised. It will be seen that the quantity 
of cooling water has been reduced by one-third, but in spite of this 
the vacuum has been increased by three-quarters of an inch, which 
reduced the steam rate of the turbine by 4^ per cent. At the 
same time the feed tenipurature has been raised, and the power 
taken to operate the condenser halved. The net result was an 
improvement of about 7 per cent, in the over-all economy of the 
plant. 

Mr. Newton remarks that the leaks in this case were much 
too small to be detected by means of a candle flame, and recommends 
that in testing a condenser for leakage the air-pump discharge should 
be blanked off and the condenser, connecting pipe, and turbine 
filled with water up to the level of the spindle glands. In this 
case water will drjp from every leak, however minute, and the 
place being marked with chalk, the hole can be stopped at the end 
of the test. 

It is quite as- important to make certain that the joints are 
tight, between the condenser and such fittings as gauges and the 
like, as that the main joints have been properly made. An opening 
equivalent to a hole ^.^ in. in diameter will pass air into a condenser 
at the rate of, roughly, 1 lb. per hour, which is quite enough to 
lower appreciably the over-all efficiency of the plant. 

The proper method of dealing with such air leakage is to find 
out and stop the leaks, but other alternatives are possible. The 
most obvious is to increase the effective displacement of the air 
pump, and this has frequently been resorted to. Again, the supply 
of circulating water may be increased, thus lowering the tempera- 
ture of the air-pump suction, and with it the partial pressure of 
both the steam and the air. This plan is, however, only feasible 
if the quantity of air which leaks in is only moderately in excess 
of the normal, and, if adopted, the air pump should be of 
the " dry " type, so as to avoid lowering the temperature 
of the condensate at the same time as the air temperature is 
lowered. 

Air in a condenser has a further detrimental effect in addition 
to its action as above set forth. It is, in fact, an excellent 
non-conductor, and as such " blankets " the tubes, preventing 
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a free interchange of heat between the steam and the circulating 
water. 

Such experiments as have been made on the importfwice of this 
effect have not been wholly concordant. Osborne Reynolds, who 
appears to have been the first to appreciate the important part 
played by air in checking condensation, found that a very small 
addition of air had a very pronounced effect, but that subsequent 
additions were not proportionately detrimental. Experiments made 
by Mr. J. A. Smith, and described in Enginebrino, March 23, 1906, 
indicated that the effect of small additions of air was not as serious 
as would appear from the experiments of Osborne Reynolds, but 
there is, perhaps, some doubt as to whether in any of Mr. Smith's 
experiments the steam was quite air free, since he refers to the 
steam as "pure, or nearly pure." Callendar("Enc. Brit.," article: 
" Heat ") says that with air-free steam the difference in temperature 
between the steam and the wall on which it condensed was 36 deg. 
Ftthr. for a condensation of 109 lb. of steam per sq. ft. per hour, 
which is equivalent to a temperature difference of 0.33 deg. Fahr. 
for each pound condensed per square foot per hour. In actual 
surface-condenser practice the difference in temperature between 
the steam and the outer surfaces of the tubes is certainly very much 
more. It should be noted in this connection that the average 
temperature of the outer surface of the tubes is often lower than 
that of the condensate, since the cold water dropping from the 
tubes condenses further steam as it falls, and has therefore its 
temperature raised. 

The fall of temperature in the wall of the tube itself is (in 
the case of |-tubes of No. 18 gauge) about -^ deg. Fahr. for 
each pound of steam condensed per square foot per hour. 

In power-station practice from 8 lb. to 9 lb. of steam are 
commonly condensed per square foot per hour, whilst the supply 
of water is from 60 lb. to 70 lb. per pound of steam condensed. 
The velocity of flow in the tabes is generally between 3 ft. and 4 ft, 
per second. Poor results will, however, be realised unless sufficient 
air-pump capacity is provided to keep down the partial pressure 
of the air, and if the air leaki^e is large no reciprocating pump can 
be expected to deal effectively with the volume to be removed. This 
can, however, be accomplished by the " vacuum augmenter," invented 
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by Sir C. A. Parsons, which is illustrated in Fig. 95. Here the air- 
pump inlet is placed about 4 ft. below the lowest point of the 
condenser, to which it is connected by a bent pipe, as shown. As a 
consequence, the pressure at the air pump is greater than that in the 
condenser by about 2 in. of mercury. Hence the same weight of air 
can be removed by a much smaller pump. The condensed steam 
enters the air pump by the bent pipe, but the air is drawn off by 
a steam jet situated as shown. This discharges into an auxiliary 
condenser, which has about one-twentieth of the cooling surface 
of the main condenser, and this drains to the air-pump inlet, as 




Fig. 95. 

indicated. The volumetric capacity of the steam jet is very great, 
and unless the air leakage is serious, a vacuum a little below the 
theoretical can be continuously maintained in the main condenser. 
The steain supply to the nozzle amounts to about Ij per cent, 
of the total steam condensed, but this is generally more than offset 
by the advantage derived from the increased vacuum. 

Jet condensers of any type are unsuitable for the production 
of high vacua, since a large quantity of air is carried in with the 
condensing water. Hence, to maintain the same vacuum as a 
surface condenser the air pump has to withdraw an enormously 
augmented volume of air. In short, no form of condenser is suitable 
for the production of high vacua in which the condensing n'ater 
mixes with the condensate. 
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CHAPTER XXIII. 

THE DE LAVAL STEAM TURBINE. 

THE De Laval steam turbine was introduced very shortly after 
that of the Hon. C. A. Parsons, and remains to this day the 
simplest of any. It embodied several features which have since 
been incorporated into other designs, such as the use of converging- 
diverging nozzles, of reduction gearing, and the plan of running the 
rotor much above its critical speed. 

The turbine in its original form consists of a single high-speed 
impulse wheel, driven by the steain supplied by a series of nozzles 
arranged round its periphery. It is the only turbine in which fine 
clearances are not necessary to efficiency, and from the outset has 
been built on thoroughly mechanical lines, and has probably suffered 
less from blade stripping than any of its competitors or successors. 
With the larger sizes, however, cases of buckets breaking loose 
have not been uncommon, but the buckets are easily renewed. In 
small sizes the type is relatively economical, but for verj' large 
outputs compounded turbines yield better results. 

The principal characteristics of this turbine are well shown in 
the illustrations. Figs. 96 to 99, which represent one of 225 brake 
horse-power, erected at the Sladen Wood Mills of Messrs. Fothergill 
and Co., by Messrs. Greenwood and Batley, of Leeds. 

The turbine shown is arranged for rope transmission, and was 
designed to work with steam at a pressure of 200 lb. per sq. in., 
and superheated to a temperature of 500 deg. Fabr. The rope 
drive is clearly shown in Figs. 96 and 97. The power is trans- 
mitted from the pulleys on the turbine by 28 cotton ropes, ^ in. in 
diameter, to a second-motion shaft running at 260 revolutions per 
minute. The wheel speed of 10,000 tui-ns per minute is reduced 
by means of gearing, which forma an integral part of the machine. 
To balance the thrust of this gearing, the turbine spindle transmits 
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motion to a pair of shafts, one on each side, and in the present 
case each of these shafts carries, as shown, a pulley driving half the 
ropes. This is very clearly shown in the plan, Fig. 97, where the 
turbine easing is seen at the right-hand end of the bed plate, tlic 
large reduction-gear casing nearer the centre, and, extending left- 
wards from it, the two driving shafts, each with its pulley. Metal 
guards cover almost half the circumference of the rope pulleys, as 
shown in Fig. 99, below. Fig. 100, page 212, and Fig. 101, 
page 213, give a sectional plan and elevation respectively of the 
turbine. The wheel is made as a solid disc, into the circuni- 
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FigB. 98 and 99. Eml Views of De Laval Turbine. 

ference of which the buckets are dovetailed, each one being made 
and fixed separately to the wheel. The steam nozzles, shown in 
Fig. 102, are arranged at intervals in a ring in close proximity 
to the turbine wheel, receiving the steam from a steam chest in 
the turbine casing. Altogether there are eight nozzles, and five 
of them are provided with shut-ofF valves, so that they can be 
closed or opened at any time. This arrangement is of considerable 
advantage, as, when the turbine is underloaded, some of the 
nozzles can be closed, and a high efficiency of the machine main- 
tained, even although it is not working at full load. The shaft 
is made in two pieces, flanged, and secured in recesses on either 
side of the wheel boss, with steel studs, as may be seen in 
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Fig. ' 96. The spherical bearings at each side of the wheel are 
in two parts, and are arranged to act as stuffing boxes. 

The bearings are lined with white inetal, and are made as 
interchangeable bushes. To ensure a satisfactory distribution of 
the oil a s'hallow helical groove about ^^ in. deep and of ^-in. pitch is 



Fig. 100, Sectionftl Plan of De LRval Turbine. 

turned on the interior of the bushes. With the exception of the 
two bearings supporting the wheel shaft, which are oiled by sight- 
feed lubricators, all the bearings are lubricated with rings. The 
oil is filtered, and used over and over again, thus reducing the cost 
of lubrication to a minimum. The outer bearing, carrying the free 
end of the shaft, is in one piece, and supported on a oast-iron 
bracket bolted to the casing cover. In the oil well of this bearing 
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Fig. 101 Longitudinal Section of l>c Laval Turbine. 



Fig 102. De Laval Nozzle. 
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is fixed a copper coil, through which water is circulated for cooling 
purposes. (See Fig. 101.) 

The turbine wheel makes 10,000 revolutions per minute, and 
the speed is reduced to 1000 revolutions by the employment of a 
helical pinion on the turbine shaft, gearing into two helical wheels 
on the rope-pulley shafts, as previously mentioned. The pinion is 
made of hard steel, in one piece, with the shaft and the gear wheels 
of soft steel of low carbon. The teeth are generated at an angle 
of 45 deg. with the shaft centre, and the pitch is very small — 
-^ff in. — thus ensuring a smooth contact with very little noise. The 



Figs, 103 and 104. De Laval Governor. 

gears when examined after some months' use showed no signs of 
wear, the tool marks still showing on the teeth. The use of such 
high sj>eeds of rotation involves the solution of some interesting 
problems in balancing and in withstanding the intense centrifugal 
forces developed. These are dealt with in the Chapters on 
Balancing and on the Strength of Discs. 

The regulation of the speed of the turbine is effected by a power- 
ful centrifugal governor, the details of which are shown by Figs. 103 
to 109, on this and the opposite p^e. It is fixed on the end of one 
of the gear-wheel shafts, and controls a double-seated throttle valve, 
to which it is connected by an arrangement of levers. Fig. 103 
gives a section through the governor. The fulcrum piece is a 
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circular Hanged plate, having a stem projecting from the back 
which is driven into a hole in the end of the reduction shaft. 
Details of the fulcrum piece are j^iven in Figs. 105 to 107. Attached 
by set screws to its face is a cylinder, which forms a chamber for 
the springs. The governor weights are heavy semi-cylindrical pieces, 
shown detached in Figs. 108 and 109. Instead of turning on pin joints, 
they swing on knife edges formed across the conical portion at their 
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Figs. 105 to 109. Details of De Laval Governor. 

inner ends. These knife edges are engaged by corresponding grooves 
on the fulcrum plate, as can be seen in Fig. 103. When the weights 
fly out, small round-headed pins press against a collar on the central 
spindle, and move the spindle outwards against the pressure of the 
springs bearing against the other side of the collar. The spindle 
fitted with its collars is shown separately in Fig. 104. When the 
governor is at rest, the walls of the spring chamber prevent inward 
motion of the weights, so that the latter cannot get away from 
their fastenings in the fulcrum plate. 
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The end of the governor spindle when driven outwards by the 
speed of the turbine comes in contact with a pin at the bottom of 
the lever shown in Fig. 110. This pin is forced towards the governor 
spindle by means of a stiff spiral spring enclosed in the boss at the 
bottom end of the lever. The lever is eottered to a rocking shaft, 
from which another lever extends upwards, as shown in Figs. 1 1 and 
111. The upper lever is connected to the throttle-valve lever by 
means of a pin passing through the ends of the two levers, and 
having knife-edged collars bearing on the bosses. A spiral spring 
in tension tends to keep the throttle valve open. Sections through 
the throttle- valve casing are given in Figs. 113 and 114, whence it 
will be seen that the valve is of the double-beat balance type. The 
position of the throttle valve, with reference to the governor spindle 
and rocking shaft, is shown by the dotted outlines of the valve 
casing in Figs. 110 and 111. 

In case of accident to the governor gear a further regulating 
device is provided in the form of an air valve. This valve, shown 
in longitudinal section in Fig. 110, and in cross section in Fig. 112, 
is situated directly opposite the end of the governor spindle, the pin 
in the lower end of the rocking lever being between. The throttle 
valve already mentioned will be shut first when the governor spindle 
protrudes, but should this valve fail to close on account of any 
accident to itself or the lever motion, the spindle will force the pin 
in the end of the lever into contact with the emergency air valve. 
This emergency valve admits air into the wheel casing, which reduces 
the vacuum. It also lets air into a dash pot, the piston of which 
is connected by a link to a butterfly valve in the exhaust pipe. The 
butterfly valve, is well shown in Fig. 96, page 210, and on the right- 
hand side of the turbine casing. It is kept open by the action of 
a spring, but when air is admitted through the emergency valve, 
the piston is forced forward and closes the valve against the resist- 
ance of the spring. The communication between the wheel casing 
and the condenser is thus shut off, and the imprisoned steam increases 
the frictional resistance to the wheel's motion and checks the further 
expansion of steam in the nozzles. 

Figs. 115 and 116 show sections of the steam sieve placed between 
the stop valve and the turbine casing to prevent any solid matter 
being carried through the turbine blades by the incoming steam. 
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It IS an iron shell containing a cylindrical sieve of brass gauze, 
which is held in position by a gun-metal spider. Steam enters the 
interior of the gauze cylinder, and passes out all round its circum- 
ference and downwards through the branch into the turbine. 



rigs. 113 and lU. IJe Laval Throttle Valve. 

The flexible coupling connecting the reduction shafts to the 
pulley shafts is illustrated in Fig. 117. In the driving flange are 
eight holes, filled with thick india-rubber bushes. From the other 
flange project eight studs, which enter the bushes, but are prevented 
from making actual contact with the india-rubber by thin metal 
sleeves surrounding them. Small flanges screwed on to the ends 
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of the studs bear upon the ends of the sleeves, and prevent the 
coupling coming apart, although allowing a certain amount of 
longitudinal elasticity. 

The following are the dimensions and weights of the principal 
parts of the turbine : — 

Total weight of turbine 7 tons 

1. Turbine Wheel: 

Diameter in centre of vanes 24f in. 

Outside diameter... ... ... ... ... ... ... 25J in. 

Weight of turbine wheel 191 J lb. 

Weight of one bucket 380 grains 

2. Turbine Shaft : 

Piameter of turbine shaft 1^ i>>- 

Weight of turbine shaft with pinion 771b. 

3. Gear Wheels .■ 

Weight of one gear wheel complete with* shaft 10 cwt 

Width of face of gear wheel 16 J in. 

Pitch diameter 26 in. 

(Gearing, double helical) 

Angle of teeth 45 deg. 

Number of teeth 296 

Normal pitch A ^ 

4. Pinion: 

Pitch diameter Sjin. 

(DonUe helical) 
Number of teeth 27 

The pitch, breadth, and angle of the teeth are, of course, the 
same as those of the gear wheels. 

The condensing apparatus consists of a surface condenser 
of 600 sq. ft. of cooling surfiice, double-acting circulating pump, 
and a single-acting air pump. A tank below the floor forms the 
hot well. A feed pump is also provided and connected to the 
tank for supplying the boiler. The pumps make 120 revolutions 
per minute, and are worked by a three-throw crank shaft driven 
by three cotton ropes, 1^ in. in diameter, from the line shaft in 
the shed. All the bearings are lined with white metal, and 
lubricated with solidified oil on the Felt system. 

The most characteristic feature of the De Laval turbine is its 
shaft. This is purposely made very slender in proportion to its 
length, varying in size from ^ in. in the case of a 5 horse-power turbine, 
Jin, in a 30 horse-power turbine, ^ in. in a 150, up to Ij in. in 
the case of a 300 horse-power machine. In all cases the shaft is 
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ruD much above its critical speed. Hence at starting up the wheel 
runs unsteadily till this critical speed is past. It then "settles 
down" and runs absolutely steadily, taking up such a position that 
its centre of gravity coincides with the axis of rotation. It is 



Fi^ 115 and 116. Steam Straiui: 



Fig. 117. Flexible Coupling, 
possible to run a wheel with as much as two buckets out of balance. 
The wheels are always made about 50 per cent, weaker immediately 
under the rim than elsewhere. In the ease of a run away, therefore, 
the rim flies off, carrying the buckets with it, thus eliminating the 
drive on the wheel. If a portion only of the rim goes the balance 
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of the wheel is destroyed and its hub extensions foul the holes in 
the easing, of which they normally rotate quite clear. The following 
figures give standard proportions of turbines of this type : — 



Size, of Turbine. 


Mean Diameter of 
Wheel in Inehee. 


Revolutions 

per Minute. 


Peripheral Speeds in 
Feet per Second. 


5 horae-powOT 


4 


30,000 


516 


15 


6 


24,000 


617 


30 


H 


20,000 


774 


60 


llj 


16,400 


846 


100 


19J 


13,000 


1115 


300 


30 


10,600 


1378 



The buckets require renewal periodically, as they wear out 
at their inlet edges, but this is easily and cheaply effected. 

The type is in small sizes relatively economical, an efficiency 
ratio of 24 per cent, having been obtained with a unit of but 10 
horse-power, working non-condensing. A 30 horse-power unit, taking 
saturated steam at 103 lb. absolute, gave a consumption of 39.6 lb. 
per brake horse-power. Superheating the steam to 500 deg. Cent, 
diminished the consumption to 25.7 lb. per brake horse-power. 

Some results recorded with larger sizes are given below : — 

TABLE XVII.— Tbe Steam Consukption of Da Laval Stbah Turbines. 



Horw-power. 


Initial PreesuTO. 
Ponnd per Square 
Inch above Atmos- 
phere. 


Steam 
Temperature. 


Vacuum. 


Steam talien 
per Brake Horae- 
power per hour. 


60 


138 


deg. Fahr. 


per cent 
84 


lb. 

23 


100 


164 


402 


83 


18 


160 


107 


698 


91 


144 


150 


113 


493 


84 


17 


160 


101 J 


546 


944 


15J 


250 


llSj 


— 


93 


14 


300 


194 


454 


88 


13J 


300 


123 


378 


90 


16! 


330 


138! 


663 ■ 


94 


12! 
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CHAPTER XXIV. 

VELOCITY-COMPOUNDED TURBINES. 

WITH velocity-compounded turbines the steam issuing from a 
nozzle, with the velocity corresponding to the total available 
head, passes without iiirther change of pressure through a series of 
fixed and moving buckets. No attempt is therefore made to abstract 
the whole momentum of the steam jet in a single set of such 
buckets ; but the steam leaves the first row of them with a large 
remanent energy, and is defiected on to a second wheel by a set of 
fixed buckets, and to this second wheel it delivers up most of the 
energy carried over from the first wheel. With this system of 
" velocity "-compounding the reduction of bucket speed is directly 
proportional to the number of velocity stages. The practical appli- 
cation of this system is mainly attributable to Mr. Curtis. 

A turbine of this type, constructed by the Allgemeine ElectricitatB 
Gesellschaft, Berlin, is represented in section in Fig. 118. This 
section, it should be noted in passing, is a bastard one, the steam- 
inlet valves shown at the bottom being really at the side, as will 
be seen in Fig. 129, p^e 226. 

As shown, the turbine consists of a chamber divided into two 
by an intermediate diaphragm, and closed at the front end by a 
cover, to which are secured the high-pressure nozzle plate and the 
steam-admission valves. The main chamber is made in halves, which 
are brought together to form a horizontal joint, thus admitting of 
the diaphragms being easily fixed in place. The cover is in one 
piece, and is a steel casting, the rest of the casing being of cast 
iron. 

The construction of the revolving wheels is well shown in 
Fig. 118, whilst further details to an enlarged scale are represented 
in Figs. 119 to 122. Each is a solid disc of forged steel, thickened 
at the centre, where the stresses due to the centrifugal forces are 
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a maximum, and kept as light as possible towards the rim, in which 
locality material adds little to the strength, and much to the forces 
tending to disruption. 

The hub is bored conical to a taper of 6 per cent., and between 
it and the shaft a conical bushing of bronze is provided, which can 
be tightened up by an end nut, as indicated in Fig. 118. The bush 
is, moreover, slotted to take a steel key, through which the drive 
is transmitted. This key, as indicated in Fig. 122, extends through 
the bush into the shaft below and into the hub of the wheel above. 
The f-in. tapped hole, shown in the boss (Fig. 119), is intended to 
take an eye-bolt should it become necessary to remove the wheel 
from its scat. 

The buckets are of bronze, or of a special make of nickel steel. 
They are drawn to the forms indicated in Fig. 121. After cutting 
to length, they are shaped to fit the double dovetailed grooves 
shown in Fig. 120, and are finally secured in place by caulking in 
between them spacers of soft brass. The fixed buckets are placed, 
of course, between the two moving rows, as indicated by the dotted 
lines, and are mounted on special plates, bolted to the casing. 

The nozzles are either of bronze or of a special grade of cast 
iron. In the former case they have a rectangular section at end, 
allowing them to be fitted close together. When of cast iron the 
nozzles are cast in one piece with the nozzle plate. The nozzles 
extend all round the wheel in the case of the low-pressure section, 
but over about one-eighth of the circumference only in the case of 
the high-pressure end. In order to prevent any possibility of a 
difference in steam pressure being established between opposite 
sides of the low-pressure wheel, a special port, shown in the upper 
half of the intermediate diaphragm, is provided, as shown in 
Fig. 118. This establishes a free communication between the steam 
on opposite sides of the wheel, and allows any minute disturbance 
of equilibrium, which may conceivably arise through a sudden 
change in the load and consequent cutting off of the steam supply, 
to be equalised, without necessitating a flow of the steam radially 
across the clearance space. Quite a small pressure difference 
between the two sides of the wheel might overload the thrust 
block, but the provision of this equilibrating port prevents any 
possibility of such a state of affairs. 
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Tho high-pressure nozzles take their supply from a steam chest 
bolted to the end cover of the turbine. Single nozzles or groups of 
nozzles are fitted with independent cut-off valves as indicated 
in Figs. 128 and 129, page 226. The valve spindles are ground to 
gauge, and work in long sleeves, .which are practically steam-tight. 
A cam plate {see Fig. 128) is moved up and down, as the load 
varies, by an oil-operated relay controlled by the governor. Pins 
borne by the outer ends of the valve stems engage with different 
portions of the cam plate, and as the latter moves up or down, the 
nozzles are cut in or out in succession as required. The position 
of the cam plate is regulated by an overtaking motion of the usual 
type, which will be readily understood on reference to Fig. 129. 
The valve controlling the supply to the relay chamber is operated 
by a lever, one end of which is moved up by the governor, and 
the other end down by the cam-plate stem. Should the governor 
rise, the lever moving up opens the valve, and a supply of oil 
under pressure is admitted to the top of the relay cylinder, whilst 
at the same time the lower side of the piston is opened to exhaust. 
The cam plate accordingly moves down, and in doing so carries 
with it the floating lever and closes the valve again, thus cutting 
off the top of the relay cylinder to pressure, and the underside to 
exhaust. 

Some details of the nozzle-valve gear are shown to a larger 
scale in Figs. 123 to 126, and sections through the relay cylinder 
in Figs. 130 to 132. The spring represented in Figs. 130 and 131 
ensures that the piston shall be raised when the oil pressure is off, 
as it is in starting up the turbine. 

The governor spindle is driven by spiral gears from the turbine 
spindle in the usual way. A small thrust block, fitted with forced 
lubrication, and watei'-cooled externally, is arranged at the end of 
the turbine spindle, as indicated in Fig. 118, and maintains the 
desired clearances between the nozzles and the moving buckets. 
These two parta, being subject to wear, are made easily accessible 
for replacement by being mounted at the end of the shaft outside 
the main bearing. 

Figs. 134 to 137 show details of the governor standard, and 
will be readily intelligible by reference to the key plans given in 
Fig. 133. The standard is bolted direct to the outside of the end 
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bearing, both being fitted on the main end cover, as shown in Fig, 118, 
Plate III. A cover, best seen in Fig. 135, permits of ready inspec- 
tion of the gears when desired. Forced lubrication is provided for 
these and for the various journals, the spent oil being collected and 
passed through a cooler before it is returned again to the bearings. 
The oil-circulating pump is of the gear-wheel type, and is arranged 



FigB. 123 to 127. Details of Kozzle-Begulating Gear. 

at the bottom of the governor standard, being driven from the foot 
of the governor spindle. Sections through the upper bearing of the 
spindle are represented in Figs. 136 and 137. 

The flange shown to the left in these figures takes the tacho- 
meter, which is driven by the bevels, as indicated in Fig. 137. The 
valve which controls the supply of pressure oil to the relay cylinder 
is bolted to the top of the standard, as best seen in Fig. 129. The 
oil exhausted from this cylinder is caught by the annular catcher, 
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shown in Fig. 137, and falls down to the bottom of the standard, 
whence it passes again into the oil pump. 

Sections through the plummer blocks at each end of the turbine 



Figs. 128 and 129. Nozzle-Regulating Gear. 

are represented in Figs. 138 to 141, page 229, and Figs. 142 to 
145, page 230. The brasses are, however, missing, but are shown 
in place in the main section {Fig. 118). The bearing surface is 
of white metal, oil under pressure being supplied both at the top 
and the bottom of the bearing, through which it flows axially, and, 



y Google 



Velocitt-compounded turbines. 227 

escaping over the ends, is caught in the chamber provided at the base 
of the pluminer block, and returned to the oil pump. The efficiency 
of the lubrication is increased by the circulation of the oil under 
pressure through a system of ring grooving cut on the outer surface 
of the brasses, as seen in Fig. 118. In this way the oil is thinned 



Figa. 130 to 132. Relay Cylinder. 

before being passed to the inner surface to be lubricated. The turbine 
glands are made in halves, and are shown in detail in Figs. 146 
to 148, Fig. 149 being a key plan. The packing material in the 
turbine illustrated is carbon, which requires no lubrication, so that 
no oil enters the condenser to be carried into the boiler with the 
feed. But in other cases the A.E.G. also use packings of the 
labyrinth type. 
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As another example of a velocity-compounded turbine, we give 
illustrations of the machinery built for the United States destroyers 
"Sterrett" and "Perkins," by the Fore River Shipbuilding Company, 
of Quiney, Mass. 

Fig. 150, Plate IV., represents a longitudinal section through 



FigH. 133 to 137. Governor Staadard. 

the turbine, which, it will be seen, consists of fourteen stages, 
velocity-corn pounded throughout, even in the case of the blading on 
the drum section of the rotor. The mean diameter of the turbine- 
blade path is, in this case, 72 in., and the length of the turbine 
between centres of bearings is 15 ft. 

Both the ahead and astern turbines are iu the one casing. 
The latter, which is of hard, close-grained iron, is built up of four 
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pieces only, consisting of an upper and a lower half, each made in 
two parts, bolted together by circumferential flanges, as indicated 
in Fig. 150. The heads are thus integral with the rest of the 



FCg139. 




Figs. 138 to 141. Main Bearing at High-Pressure End. 

casing, and they are provided with lugs, to which are bolted the 
brackets carrying the main bearings. All the flanged joints are 
scraped to a fit. The turbine thus forms a unit free from risk 
of distortion in erection, and easily manufactured in correct align- 
ment throughout. The whole of the interior of the casing is 
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Figs. 142 to 147. Main Bearing at Exiiaust End of Shaft. 
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machined, thus ensuring the easy and accurate fixation of the various 
nozzle plates and stationary bucket segments. Feet, for bolting the 
casing to the foundation plates in the ship, are cast on the lower 
half of the casing, and the exhaust branch is at the top, as shown. 
The main shaft is a high-grade steel forging, bored from end to 
end, and is carried on two bearings. The forward end has thrust 
collars turned on it, and the thrust block is integral with the 
forward bearing, thus ensuring its correct alignment. 

The ahead rotor comprises sis wheels for the stages having 
partial admission, whilst the remaining eight stages are arranged 
on a drum as shown. The main steam inlet is shown to the right 
in Fig. 150, and at the top in Fig. 151, and leads into a nozzle 
box shown separately in Figs. 177, 178, and 179, page 234. This 
box has nineteen nozzles, of rectangular section, each of which, as 
shown in Fig. 179, is fitted with an independent shut-off valve. By 
closing several of the nozzles, the output of the turbine can be 
reduced without the loss which is involved when the power is 
controlled soiely by throttling the steam. These nozzles, as best 
seen in Fig. 1 80, Plate V I., are all formed in a single bronze casting, 
which is bolted by machine screws (secured from working loose by 
having the metal caulked into the slots) to a forged and machined 
steel plate, which fits on to machined seats in the nozzle box, and 
forms the surface on which the shut-off valves slide, being scraped 
to a true surface on this space. These nozzles are cut out of the 
solid after casting ; they are slightly divergent ; the total throat 
area of the nineteen provided is 8.892 sq. in., and the area at 
discharge is 1.145 times as much. As will be seen, no portion of 
the nozzle is parallel. The centre Hue of the nozzle makes an angle 
of 20 deg. with the plane of the wheel. As the shut-off valves may 
have to stand open for very long periods, provision is made for 
balancing them when open. To this end a groove, i^ in. wide by 
■^ in. deep, is cut in the valve plate, as shown at a, Fig. 177, and 
the edge of the valve, when open, overrides this, permitting steam 
to enter below it, and ease it off its seat. In these nozzles the 
steam under full-power conditions is expanded from 246 lb. absolute 
down to 86.80 lb. The theoretical velocity of issue is thus about 
2080 ft. per second. These first-stage nozzles deliver the steam on 
to a velocity-compounded wheel, having four rows of moving buckets. 
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the mean speed of which in the full-power trial was ahout 187 ft. 
per second. 

Attention may be called to the method by which the brackets 
for the nozzle spindles are held in place. As indicated in Fig. 178, 
page 234, each is located truly by two steady pins, and is then held 
in position by nnts and washers, each of which overlaps two adjoining 
brackets, there being a half-hole in the flange of each. 

Details of the blading of the first wheel are shown in 
Figs. 165, 166, and 171, Plate V. The bucket angle of the first row at 
entrance is, it will be seen, 28 deg., whilst at discharge it is 22 deg. 
From this it follows that the space between the buckets is narrower 
at discharge than at entrance, but this is in accord with the fact 
that the stream of fluid as it passes through the bucket tends to 
spread laterally, and consequently becomes thinner. It will further 
be observed that each successive bucket is longer than its predecessor. 
This is necessary, because in each bucket the fluid, besides thinning, 
as already mentioned, also loses velocity, and thus a greater steam- 
way is required at each successive set of buckets. As a consequence, 
the length of the last bucket is 2^ times the width of the stream 
of steam as it first issues irom the nozzle. 

The blades, which are of extruded bronze, are all carried on 
foundation strips, which are illustrated separately in Figs. 158 and 
159, Plate IV., but the method of mounting will be beat understood 
on reference to the reproductions from photographs of the blading, 
Figs. 175 and 176, The foundation rings are strips of steel, 
milled to a U-shape, and grooved along both sides, so that they 
can be secured in place on the wheel rims by caulking the metal 
of the latter into these grooves. As received from the milling 
machine, the foundation rings are straight. They are punched, as 
shown in Fig. 176, page 233, to receive the roots of the blades, 
which are secured by riveting. To enable the rings to be bent to 
the curve of the wheel, they are slotted, as shown in Fig. 159, 
just referred to, and also in Figs. 175 and 176, page 233. The 
outer ends of the buckets are provided with shrouding, riveted on, 
as indicated in Fig. 175. The ingenious method of assembling 
and mounting the blades lends itself to very rapid manufac- 
ture, since the construction of the blades and foundation strips 
can be proceeded with at the same time as the rotor and casing 



y Google 



VELOCITT-COMPOCNI>KD TURBINES. 



Fig. 175, Blading of Rotor, 



Fig. 176, Blades and Foundation Stripa. 
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are being machined. The method of finally fixing in place is quick 
and simple, and experience has shown it to be reliable, the shrouded 
segments being very strong mechanically and very firmly held in 
place by the caulking 

The intermediate or stationary buckets, which are interposed 
between the different rows of moving buckets, so as to catch the 
steam discharged from the one row and direct it in a favourable 
direction on to the next, are also mounted on similar foundation 
rings secured to steel holders, and are bolted into place. Doors 



Figs. 177 to 179. Nozzle Box of Curtis Turbine. 

for inspection purposes are provided to the rectangular openings 
immediately above these blade segments, and through them access 
can be obtained to the individual wheels, without the necessity of 
lifting the whole upper half of the casing. A diaphragm (see 
Figs. 173 and 174, Plate V.), built up of dished boiler-plating, in most 
cases ^ in.> but for the first stage ^g in. thick, riveted to steel 
castings at the hub and the periphery, divides off each wheel from 
its successor. At its circumference each of these diapliragms baa 
a rib, which engages with a slot turned in the casing, and makes, 
when the pressure is on, a practically steam-tight joint. At the 
centre, where the shaft passes through the hub, the diaphragm is 
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provided with a bushing of anti-friction metal, as shown to a 
larger scale in Fig. 172. This bushing, it will be seen, is 
turned into a series of serrations, so that if a touch occurs between 
it and the shaft liner there is no sensible production of heat. The 
clearance, when hot, between this bush and the shaft liner, is 
30 mils in the case of the first of these diaphragms, 40 mils for 
the second, 50 mils for the third, and 60 mils for the remainder. The 
diameter at the first diaphragm is 16| in. and increases in successive 
steps of J in. each up to 17J in. at the last diaphragm. The bushings 
are held at four points only, and it will be seen that the part 
nearest the shaft is considerably overhung, thus giving that portion 
a little elasticity in ' case of the shaft whipping in consequence of a 
sudden change of load. 

The nozzle openings for each stage after the first are formed by 
sections of nickel-steel plates fused into cast-iron ribs, aa best seen in 
Fig. 192, Plate VI. These plates are bolted to ribs cast on the main 
turbine casing, as shown in Fig. 150, Plate IV. The bolts used 
in all these cases, it may be observed, are fillister-headed machine 
screws. These have proved amply sufficient, as the parts connected 
are subjected to a steady load only, and do not require to be held 
together with any extraordinary degree of pressure. The screws 
are prevented from unscrewing in service by simply caulking some 
of the surrounding metal into the slot. 

Sections through the casing showing the ribs to which the 
nozzle plates are screwed are represented in Figs. 188 and 189, 
Plate VI. As will be seen from the section taken at A A, the 
opening in the casting is belt-mouthed, so as to give the steam 
an easy access to the nozzles, and, as the pressure drop in all 
stipes but the first is small, these nozzles are not divei^ent. 

For stages 2, 3, 4, 5, and 6 the wheels carry three rows 
of moving buckets ; their construction is shown in detail in 
Figs. 155, 156, and 157. They are built up of ^in boiler plating, 
riveted to forged-steel rims and hubs. The latter are slotted to 
take a key IJ in. wide, and are turned to a diameter y^v ^^- ^^^^ 
than their seats on the shaft, on to which they are forced by 
hydraulic pressure. Each hub has further drilled in it four f-in. holes 
to take bolts to pull off the wheel, if in any case it should be 
necessary. Bach wheel is held in its axial position by distance 
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pieces, as beat seen in Pig, 150, and the whole rotor is prevented 
from working forward by a lock-ring, which enters into a groove 
cut in the shaft, and is secured to the hub of the first wheel. 

These distance pieces are checked from turning by the key, 
which extends beyond the wheel hubs, and fits into a slot cut in 
the sleeve, as shown at 6, Fig. 156, Plate IV. The distance pieces 
are thick enough to mask the keys, so that the outer surface of the 
shaft is thus rendered quite smooth. The sides of the wheel are 
stiffened by eight arms or ribs riveted to the hub and slotted into 
a channel section with a view to reducing the weight, as indicated 
in the "bastard" cross section at a, in Fig. 156. A view of the 
rim to a larger scale is represented in Fig. 157, whilst details 
of the blading will be found in Figs. 161 to 164, and Figs. 167 to 
190. The fixed intermediate rows of blades arc secured as illus- 
trated in Figs. 187 and 193. 

All the " wheel " stages work with partial admission, though 
in the case of the lower pressure stages there are nozzles in the 
lower half ot the casing as well as in the upper. In the case of 
the drum section of the turbine, however, the admission is com- 
plete. A view through the casing in this region is represented in 
Fig. 190, Plate VL, whilst Fig. 191 shows to an enlarged scale the 
method of securing in place each nozzle segment, of which eight 
complete the circle. These nozzle blocks here are bronze castings, 
and, as shown in Fig. 193, are in the first place secured by machine 
screws to the forgings, on which the fixed blades are mounted, and 
each unit thus formed is then fixed to the casing by set bolts. 

The holder shown in Fig. 193 is that at the commencement 
of the drum section, and, as will be seen, it carries the fixed blades 
for both the seventh and the eighth stages. On reference to 
Fig. 150 it will be seen that for the succeeding st^es each of 
these holders carries one set of fixed blades only. 

Returning to the nozzle segments, these nozzles are formed 
by casting in division plates, as shown in Fig. 192. Where the 
edge of the nozzle segment is in contiguity with the rotating 
drum, it is serrated, as best seen in Fig. 193. The deep slot formed 
at g is for the purpose of giving a little flexibility to the baffle in 
case of an accidental touch. On this drum section of the turbine 
there are, it will be seen, two rows of moving blades per stage. 
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The conatruction of the drum is well shown in Figs," 152 and 
153, Plate lY. It consists of an eight-armed steel casting plated 
at both ends. The rim which carries the blading is in three pieces, 
connected together by rivets passing through internal flanges, as 
best seen at Fig. 160. This drum is secured to the cast-steel 
spider by the end plates, which are of steel J in. thick, riveted 
to the rim, the arms, and the hub, and at the after end this plating 
has large man-holes through it, as indicated by the dotted lines 
in Fig. 153. The forward end of the drum being closed in, there 
is on this drum, when the turbine is at work, an end thrust which 
balances that of the propeller, any residual thrust being taken by 
the thrust block shown to the right in Fig. 150. Details of the 
drum-blading are illustrated in Figs. 161 and 162, 167 and 168, and 
169 and 170. Figs. 169 to 171 represent the blading for the 
thirteenth and fourteenth stages. These blades are, it will be 
seen, some 9 in. long, and are consequently made 1 in. wide instead 
of I in., as in the case of the shorter blades. 

Details of the main bearings are represented in Figs. 194 to 196, 
Plate VII. These bearings have water-jacketed brasses lined with 
white metal. Lubrication is effected by oil pumped in through the 
two openings shown in the top half This oil flows both ways through 
the bearing. That flowing aft is caught by an oil thrower, and 
drained away through the opening shown at the left-hand bottom 
comer of Fig, 194, whilst the oil flowing forward passes into a 
reservoir into which dip the thrust collars on the shaft, as indicated 
by the dotted lines. 

Cooling pipes (see Figs. 197, 198, and 199, Plate VII.) are 
provided at the bottom of this reservoir. The surplus oil is 
drained off to an oil cooler, and, after straining, is returned to the 
bearings. Details of the fixed thrust collars are represented in 
Figs. 201 to 204. These are faced with white metal, thoroughly 
hammered into place. Oil for lubrication purposes is forced in 
through the openings at k and I, whilst cooling water is circulated 
through the interior of the collars by the pipes shown at m and n. 

The glands at the end of the casing are packed with carbon, 
the construction of the gland being represented in Figs. 205 to 210. 
There are six carbon segments of the form shown in Figs. 207 
and 208. These are pressed into contact with the shaft by plate 
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Springs, as best seen to the right of Fig. 206, being carried by 
metal holders, to which the springs are riveted as indicated in 
Figs. 209 and 210. Plato springs are also used to put an axial 
thrust on the carbons and keep them in contact with their beds. 

The reverse turbine is fitted at the after end of the casing, as 
indicated in Fig. 150. It consists of two stages only, each wheel 
carrying four rows of moving blades. The range of expansion in 
each stage is therefore large, and the nozzles, as shown in Figs. 181 
and 182 and Figs. 183 to 185, have a considerable degree of 
divergence. Thus the throat section at A A (Fig. 184) is 
0.675 sq. in., whilst at B B, the point of discharge, it is 1.35 sq. in. 
These nozzle plates are bronze castings. The nozzle openings are 
rectangular, and are worked out of the solid. Independent shut-off 
valves are provided to the end nozzles in the case of stage 1, thus 
making it possible to adjust to some extent the total nozzle 
opening to the steam supply available. 

The following results were obtained on the trials of these 
turbines : — 



Kmnber of nozzles open 




2 


7 


12 


Revolutions per minute 




301.1 


479.7 


693.6 


Absolute Bteam-chest pressnre 


■ lb- per -q- in. 


268 


249 


246 


Qoftlity 




0.973 


0.975 


0.978 


Absolute pressure at first stage 


. lb. per sq. in 


19.23 


49.65 


86.80 


Absolute proBBiore at sixth stage 


. lb. per sq. in. 


2,69 


7.65 


— 


Vacuum reduced to barometer at 30 in. 


in. 


28.26 


27.96 


27.3 


Shaft horse-power (two turbines) ... 




1544 


•6456 


11,668 


Water rate per horse-power per hour (all 
eihaust) 


purposes, closed 

lb. 


21.48 


15.50 


14.49 




lb. 


19.98 


14.2 


13.46 
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CHAPTER XXV. 
THE COMPOUND IMPULSE STEAM TURBINE. 

WHILST the credit for making a practical success of the com- 
pound reaction steam turbine !iea with the Hon. Sir C. A. 
Parsons, the honour for the introduction of the compound impulse 
steam turbine must be attributed to Professor Eateau. Of course, 
as in other cases, the idea of compounding the impulse turbine was 
not new at the time it was taken up by Professor Rateau ; but, as 
every practical man knows, there is often a gulf, vast and difficult 
to traverse, between the claims of a patent specification and a 
commercial machine. Professor Rateau's title to distinction is to 
be found in the success with which he made this pass^e. 

Somewhat extensive changes have been made in the construction 
of this turbine since its first inception, necessitated by experience 
gained in the practical operation of the machines. It is therefore 
peculiarly instructive to compare some of the earlier machines 
with the later, and we accordingly reproduce some engravings 
showing constructions, now abandoned, as well as a more complete 
set illustrating later practice, as embodied in the fine 5000-6000 
kilowatt units built by the Westinghouse Electric and Manufac- 
turing Company for the tramways generating station of the London 
County Council at Deptford. 

The contract conditions here specified that the machine, when 
running at 750 revolutions per minute, and supplied with steam at 1801b. 
gauge, and with a vacuum of 27 in., should be capable of developing in 
normal working 5000 kw., with a power factor of 0.85, so that the 
actual output demanded was about 5890 K.V.A. It was further 
required that each turbine should be capable of taking an overload of 
25 per cent, at the same power factor, without the use of a by-pass 
valve. The steam consumption at fiill load was not to exceed 15 lb. 
per kilowatt-hour, with steam supplied at 180 lb. gauge and at 500 
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deg. Fahr., and with a vacuum of 95 per cent., or 28^ in. Actually the 
builders guaranteed a consumption of 14.5 lb. per kilowatt per 
hour under the conditions stated, the corresponding figure at three- 
quarter load being 14f lb., at half-load 16 lb., and at quarter-load 
19 lb. per kilowatt-hour. 

A longitudinal section through one of these turbines is shown in 
Fig. 211, Plate VIII. The turbine is divided up into a series of 
cells or stages, each of which is, in point of fact, an independent 
turbine of the impulse type, and through this series of independent 
turbines the steam passes in succession, losing a certain fraction 
of its pressure head at each stage. In the present case there are 
twenty-four such cells or compartments, and in passing from one 
to the other the steam undergoes an expansion through a series 
of guide blades, acquiring in the process a velocity which averages 
about 800 ft. per second, whilst the mean blade speed is about 
285 ft. per second. As will be seen from Figs. 220 to 223, 
each wheel has practically the same mean diameter of about 
7 ft. 3 in., and, as stated, the designed number of revolutions is 
750 per minute. 

The wheels are steel forgings turned and finished all over, and 
assembled, by an hydraulic pressure of 20 tons, on seats turned 
on the turbine shaft. The latter, it will be seen, measures 1 ft. 
9 in. in diameter at the centre, and is thus very stiff; a feature 
which is essential in turbines of the compartment - compounded 
type, since to keep down the leakage losses very small clearances 
are required between the shaft and the diaphragms. 

Unless due care is taken in the design of the shaft and 
diaphragms, the use of these small clearances involves a certain 
element of risk, and it is instructive to note how any danger of 
injury to the machine from an accidental contact between the 
shaft and the diaphragm is obviated in the case of the turbine 
illustrated, and yet leakage losses minimised. 

Each diaphragm, as shown in Figs. 224 and 225, has a 
dovetailed groove bored in it at the boss, and into this groove 
fits a keeper ring (see Fig. 226), made in halves and lined on the' 
inside with a ring of Tandem anti-friction metal. This, in cases 
where the clearance permissible is small, is serrated, as indicated in 
Fig. 229, so that the shaft at the worst is touched merely by a 
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series of thin fiDS of a readily-fusible metal. In case of such a touch 
the thin fins simply yield, and no damage is done. It is therefore 
possible to assemble the turbitie with no initial diaphragm clearances 



Figs. 220 to 223. Wheels for Bateau Turbiue. 

at all in the case of the first nine diaphragms, the tandem metal 
rings being scraped to fit the shaft. For the remaining diaphragms 
a positive clearance of a few mils is allowed, and the taudem metal 
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is then turned in a series of grooves, as indicated in Fig. 232, 
Plate IX. The carrier-rings are prevented from turning in the 
diaphragms by cheese-headed bolts, the heads fitting partly in the 
diaphragm and partly in the carriers, as indicated in Figs. 225, 227, 
and 228, where, in the last-named figure, the arc of the circle shown 
on the dovetail indicates the spot bored out to receive the head 
of a f-in. screw tapped into the casting, as indicated in Fig. 225. 

The diaphragms are steel castings slightly dished, as indicated 
in Fig. 224, Plate IX., which represents Diaphragm No. 24, the 
last of the series. This diaphragm is bladed all round, as are the 
whole of the diaphragms, for the low-pressure end of the turbine. 
They are all made in halves, as shown, being cast with lugs (shown 
dotted in Fig. 224) to facilitate machining. These are ultimately 
machined off. At the horizontal joint a groove to take a key is cut 
in each half of the diaphragm, being undercut in the case of the 
lower half. A key is driven into this groove, and secured in place 
into the lower half diaphragm by countersunk screws. This key 
thus forms a tongue which fits into the groove in the upper half of 
the diaphragm, rendering the joint practically steam-tight. 

Details of the guide blades for this diaphragm are given in 
Figs. 234 to 242. These blades are malleable castings, which on 
the convex faces are filed up to gauges, and are then registered 
and clamped into a former. With a group of blades thus assembled, 
the dovetails at the bottom are cut in a vertical milling machine, 
the table of which is constrained to follow a guide so as to give 
the proper curve to the tails, which have, of course, to fit on to a 
circular, and not a straight surface. The concave face of the blade 
is finished by milling. One of the blades. Figs. 234 to 236, is extra 
stout, and is drilled to take a l^-in. bolt, which (see Fig. 231) passes 
through the centre of the upper half of the turbine casing, through 
the blade and into the diaphragm, thus ensuring its being lifted 
when the top cover is removed. The " closure " blades, which come 
on each side of the horizontal joint, have the shape shown in 
Figs. 237, 238, and 239 ; but the remainder are made as in Figs. 240, 
241, and 242. The hole at the top, indicated by the dotted lines, 
is drilled in all blades near the joint, as indicated in Fig. 233. These 
holes take pegs fixed in a band 1 in. by f in. in section, which passes 
round the outer ends of the blades lying in the groove shown. Every 
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third blade, moreover, has its dovetail at the root spUt by a saw cut 
and drilled aa shown at the lower end of Fig. 241. In assembling 
the blades a taper peg is driven into the drilled hole, which thus 
wedges the blade firmly in its groove. The "closure" blades are 
held in place by stopper plates secured by countersunk set screws, 
as indicated in Fig. 230, The discharge angle of tliese low-pressure 
blades lies between 26 deg. and 30 deg,, this relatively largo value 
being adopted so as to secure the requisite area of steam way 
without the use of abnormally long blades. 

A.t the high-pressure end of the turbine the admission is partial, 
and the arc of circumference subtended is here increased by reducing 
the discharge angle of the blades to a value lying between 13 deg. 
and 16 deg. The blades in this case have the form indicated in 
Figs. 245, 246, and 247, which represent those used for Diaphragm 
No. 2. These blades are cut out of rectangular steel bars, which 
are first drilled to a diameter corresponding to the radius of the 
concave face of the blades. Two blades are secured from each bar, 
and the convex and straight surfaces are finished by milling. The 
finished blades are tinned at the ends, and cast into a segment 
piece, as shown in Figs. 243 and 244. A complete segment is 
shown in Fig. 251. It fits into recesses machined for it in the 
diaphragm. Some builders of Kateau turbines, we may add, use 
drawn-steel sections for the guide blades, which are cut to length 
and cast in. The position of the blades in each successive diaphragm 
is so situated with respect to those in the preceding diaphragm 
as to utilise as fully as possible the residual kinetic energy in the 
steam as it escapes from the moving blades ; and for the same 
reason a small "entrance" angle (32 deg. to 40 deg.) is in this 
case given to the guide blades, as illustrated in Figs. 246 and 247. 
After each diaphragm is finished the blades are filled in with lead, 
and the strength of the diaphragm tested by water pressure. 

Details of several of the moving wheels are illustrated in Figs. 220 
to 222, page 241, and in Figs. 252 and 253, page 244. The blades 
vary considerably in dimensions, but are all constructed on the same 
system, having the form shown in Figs. 248, 249, and 250, Plate IX. 
They are forked at the roots, and straddle the discs (see Figs. 254 
and 255, page 244), being secured by rivets. These rivets are a 
driving fit for their holes, and are closed by rolling, and not by 



y Google 



STKAM TURBINES : 




Figs. 252 and 253. Wheel for Rateau Turbine. 
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hammering, as the latter operation might possibly distort the disc. 
When the disc is finished the rivet heads and projecting ends of 
the snugs are ground off, so that the wheel, when ready for 
erecting, has a perfectly smooth finish. The wheels are assembled 
on their seats by hydraulic pressure, but two l^in. by |^-in. keys 
are also provided, though only one is shown in Fig. 253. Any 
danger of the wheels shifting axially when in place is obviated by 
a lock nut at each end {see Figs. 211 to 214, Plate VIII). These 
nuts are prevented from unscrewing by a-.'stop, shown in position 
in Fig. 214, and separately in Fig. 219. Each wheel seat or step 
on the shaft is tapered at the end, as indicated in Fig. 217, so as 
to facilitate the putting of the discs in place. Each of the discs 
is drilled with five l-§-in. tap holes, into which rods can be screwed, 
should it be necessary to remove a disc. There are also eight 
larger holes (3 in. in diameter) round the circumference, to ensure 
an equftHty of steam pressure on the two sides of the disc. 

Each wheel, after completion, is balanced, first statically, and 
is then mounted on the shaft, which, after the addition of each 
successive wheel, is balanced dynamically. 

The blades are cut out of solid 5 per cent, nickel-steel bars. 
The blanks are rectangular, and the first operation consists in 
rough-milling these with two parallel sides to fit a gauge. A gang 
mill is used which finishes both sides at once, A number of the 
blanks are next assembled in a jig, and the forks are then milled 
by a five-gang cutter. The group is next turned end for end, and 
the snugs, to receive the shrouding, milled with a three-gang cutter. 
This operation makes the blades true to length, and the concave 
faces are now milled. The mill used has inserted cutters of high- 
speed steel, but a fairly low rate of speed and feed is used in order 
to preserve the cutters. After this operation each blade is clamped 
(with its concave face) to a hardened mandrel, and turned down in 
a lathe to the thickness required. A hardened shoulder on the 
mandrel serves as a gauge to which to set the tool, so that calipering 
is dispensed with. This operation leaves the blade with its front 
and back faces concentric, though of the right thickness at the 
middle of the blade. The next operation is to thin the blade 
down at the entrance and exit by removing the superfluous metal 
at the back, thus giving the section indicated in Fig. 250. 
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This operation is effected in a profiling machine in the case of 
short blades, but in the case of long blades two operations are 
required. A formed cutter removes all the superfluous metal, save 
near the shoulder, this being left for a finishing operation in the 
profiling machine. After this operation the blade is nearly finished, 
but the root is still rectangular, and it is therefore machined at the 
back, so as to tit the concave face of the adjoining blade. In this 
operation the blade is also tapered so that the back is truly radial 
to the disc on which it is to be mounted. This operation concluded, 
the blades are assembled in a jig in pairs in order to have the rivet 
holes in the forks drilled. 

An end view of the turbine, showing the governor and the 
position of the main valve box, is represented in Fig. 256, Plate X. 
From the valve box the steam is led by a curved pipe to two 
nozzle boxes situated diametrically opposite each other. These 
nozzle boxes are of a somewhat special construction {see Figs. 257 
to 259). They have, it will be seen, adjustable openings, the steam- 
way being capable of being increased or diminished by turning the 
hand wheel shown, which, by means of gearing, raises or lowers 
simultaneously the three spindles, each of which carries at its lower 
end a block scraped to fit between the parallel faces of the nozzle 
segment. By lowering these blocks the steam way can be diminished, 
and the output of the turbine reduced without throttling the supply 
at the governor valve. Hence for a very large range of load 
the first wheel can be worked with constant efficiency. This 
arrangement was particularly serviceable in the present instance, as 
the County Council specification contained a requirement to the 
effect that the turbine should take a 25 per cent, overload without 
the use of a by-pass valve, the latter only being u.sed when the 
demand on the turbine exceeds 6250 kilowatts. A section through 
the main valve box is represented in Fig. 260. The steam stop 
valve is of the balanced type, and directly below it is fitted the 
emergency cut-off valve, which comes into operation if the turbine 
begins to race. From this valve the steam passes through a strainer 
to the underside of the ordinary governor valves, of which there are 
two, as shown, this plan being adopted with a view to obtaining a 
maximum steam way, with a minimum of weight to be shifted by 
the governor. The automatic overload governor valve is shown to 
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the right, and admits steam through a special nozzle box to the 
third stf^e. The non-condensing by-pass is hand-operated, and is 
shown to the right of the overload valve, and admits steam through 
a similar nozzle box to the overload one to the fifth stage. These 
special nozzles are shown in Figs. 265 to 267, Plate X. 

Compartment-compounded impulse turbines have generally fixed 
bearings, as these tend to stiifen the shaft. In the present case, 
however, the specification called for spherical-seated bearings, and 
details of those fitted are given in Figs. 261 to 264. The shells 
are lined with white metal, and the oil supply is pumped in through 
1^-in. holes passing through the lower pads. The side pads are 
split, as shown in Fig. 264. 

The turbine glands, as shown in Figs. 268 to 271, page 248, 
are of the water-sealed type. The high-pressure gland is shown : 
Figs. 268 and 26'J. The stream pressure to which the gland 
exposed is about 100 lb. absolute, and hence careful packing 
required if leakage is to be reduced. To this end labyrinth packing 
is provided comprising two sets of dummies. The first set are of 
the radial-flow type, and leduce the pressure to about 20 lb, absolute, 
the leakage from chamber A being returned to a stt^e in the 
turbine with a corresponding pressure. 

The second set of dummies are of the axial-flow type, and reduce 
the pressure to that of the exhaust, chamber B being connected to 
vacuum. The paddle wheel is thus working under similar conditions 
to the low-pressure one. The construction of the paddle wheel is 
shown in Fig. 269. 

As is well known, impulse turbines are almost free from end 
thrust, but a thrust block has nevertheless to be fitted in order t* 
maintain correct alignment axially. This is shown to the left of 
the bearing in Fig. 211, Plate VIII. Details of the grooves on 
the shaft into which the thrust collars fit are given in Fig. 216. 

The spiral gears, by which the governor and oil pump is driven, 
are arranged to the left of the thrust block, and to the left of this, 
again, comes the emergency governor. This is simply a round- 
headed bolt passing axially through the shaft and held down to a 
seat by a spring. The head of the bolt being heavier than the 
shank, tends to fly out under the centrifugal force developed by the 
rotation of the shaft. Should the turbine exceed the speed hmit 
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fixed, the centrifugal force in question becomes sufficient to over- 
balance the spring, and the head of the bolt flying out trips a detent, 



Fig 272. Rotor of Ratenn TurWne. 



Fig. 273. Upper Half of Casing ; Rntenn Turbine. 

and the emergency cut-off valve then flies on to its seat. A view 
of the rotor complete is given in Fig. 272, and of the upper half 
of the casing in Fig. 273. 
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The weight of each turbine complete is 8a tons, ot which total 
the rotor accounts for 25 tons. 

The condenser supplied has 12,500 sq. ft. of cooling surface, 
and is provided with a Leblanc air pump, which on trial has easily 
maintained a vacuum of 28^ in., the ratio of cooling-water supply 
to the steam condensed being 65 to 1. 

In Figs. 274 to 276, Plate XI., the general arrangement 
of a 600-kw. turbo-generator of an earlier pattern is illustrated, 
as constructed for a speed of 3000 revolutions per minute, by Messrs. 
Fraser and Chalmers, Limited, of Erith. A general view of it is 
also given in Fig. 278, Plate XII., and a half-section through this 
turbine is represented in Fig. 279. 

As originally made, the wheels of 
Rateau turbines were flanged plates, the 
buckets being riveted on to the flanged 
rim. This construction, though unobjec- 
tionable at moderate bucket velocities, 
proved unsuitable for high speeds, as there 
was a tendency for the flange to bend 
outwards under the centrifugal forces. The 
arrangement next adopted in the Rateau 
turbine was as shown in Fig. 279, and on 
an enlarged scale in Fig, 280, annexed. 
Each wheel, it will be seen, was made up 
of two discs of nickel steel, each -j\ in. 
thick. These wore riveted to the flange 
of a central hub of mild steel, keyed to 
the shaft, and the discs were also riveted 
together near their peripheries. A quarter 
view of the hub is shown separately in 
Fig. 281, Plate XII. *''8- ^80. Diarhragn. DeUib. 

The blades were stamped out of high-quality nickel-steel strip, 
0.06 in. or 0.08 in. thick, to the forms shown in Figs. 282 and 283, 
page 251 ; or, perhaps still better, in the perspective view. Fig. 284, 
where also will be seen the blank before it is stamped to shape. 
As will appear from these figures, the blades were forked at the 
lower end, and when mounted in place these forks straddle the 
discs, and the blade was then secured in place by two ^-in. rivets, 
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as shown in Fig. 280. This method of mounting the blades 
is still adhered to in the case of Kateau turbines and makes a very 
solid job, but the plan of stamping the blades out of sheet nickel 
steel has been abandoned, and they are now machined out of the 
solid. In fact these sheet-steel blades have a considerable amount 
of trouble from stripping. It was not found possible to secure sheets 
of 32 per cent, nickel steel of uniform quality throughout, and 
25 per cent, nickel steel here, as in other cases, proved an utterly 
unreliable material. Even blades made from sheets of 5 per cent, 
nickel steel could not be relied upon to give satisfactory service, 




Fig. 284. 

Fig?. 282 to 284. Blades (Old Type) for Rateau Turbine. 

and it was therefore decided to cut them out of the solid. With 
blades thus prepared by machining it is possible to put up the 
blade speeds, since, where the centrifugal stresses render it desirable, 
as in the ease of long blades, they can be thickened at the roots. 
Owing to the higher speeds permissible, fewer of these machine-cut 
blades are required. 

The construction of the diaphragms in this turbine is as illus- 
trated in Figs. 285 to 287, page 525. The guide blades were bent out 
of sheet* brass and riveted up into sets, as indicated in Fig. 288. 
These seta of assembled guide blades were then fitted into the 
diaphragms, as shown in Figs. 285 and 286, and also in a large 
scale on the right of Fig. 280, 
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A section through an exhaust turbine of 1000 horse-power is shown 
in Fig. 289, on the opposite page. It was designed for 1500 revolu- 
tions per minute, and showed a brake efficiency ratio of 66 per cent, 

A pattern of the com- _. -_. _.. _ _ _ — 

partmcnt -compounded 
turbine, differing in some 
mechanical details from 
that developed by Pro- 
fessor Rateau, has been in- 
troduced under the name 
of the Zoelly turbine, and 
Figs. 290 and 291, Plate 
XIII., refer to a Zoelly 
turbine and generator 
developing 850 kilowatts 
at 1500 revolutions per 
minute, built by Messrs. 
Mather and Piatt for 
the Risca CoUiury of 
the United National Col- 
lieries Company in South 
Wales. A longitudinal 
section through the tur- 
bine is shown in Fig. 292, 
Plate XIV., and an 
enlarged view of the low- 
pressure gland is given 
separately, which will be 
referred to later. There 
are, as will be seen, six- 



. 2f*5 to SftT. Diaphragm Petails. 



Fig. 288. Set of Guide Blades. 



teen wheels on the shaft, each in its own compartment. The 
mean diameter of the smaller wheels is 53 in. and of the 
larger 62.4 in. Steam enters the annular steam chest on the 
extreme left of the casing and passes thence to the first wheel 
chamber through nozzles cored in the circular casting shown. 
After doing its work on the wheel, the steam enters the next 
chamber through similar nozzles formed in the diaphragm between 
the chambers, and gives up the veloei.ty acquired in these nozzles to 
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the second wheel. Thetice alternately through nozzles and wheel 
blades it passes away to the exhaust at the right-hand end of the 
casing. The nozzles are formed by casting curved iron dividing 
plates, about ^ in. thick in channels cored in the diaphragm castings. 
The dividing plates are spaced at about 2-in. pitch, and direct the 
steam at an angle of 20 deg. to the plane of the wheel. The nozzles 
at the high-pressure end are about ^ in. deep radially, and are 
disposed in two groups on opposite ends of a diameter. The depth 



Fig. 289. lOOO-Horse-Power Eateau Exhaust Turbine. 

is maintained constant for as long as possible, the extra steam way 
necessitated by the greater volume of the steam in successive com- 
partments being obtained by adding extra nozzles to each group. 
Finally, when all the available circumference is filled by nozzles, 
the latter are increased in depth to accommodate the increasing 
volume of the steam. 

The diaphragms are of cast iron, slightly dished, and with 
horizontal flanges along the joint, through which temporary bolts 
are put to hold the halves together while being machined. Nozzles 
are cast in as already mentioned, and the diaphragms are located 
longitudinally by circumferential flanges, which form spacing pieces 
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between theui. Set screws through the casing hold the half- 
diaphragms from moving when the cover of the turbine is lifted. 
The central hole in the diaphragms is bushed with bronze, the bore 
of the bushing being turued with numerous grooves. The wheel 
boss runs inside the bushing, with a clearance all round of about 
1 millimetre. 

The turbine wheels are made from about 5 per cent, nickel 
steel, and are very highly finished all over, to minimise disc friction. 
The Zoelly wheels vary from about 2 centimetres in thickness at 
the boss to about 1 centimetre under the rim. About half-way 




Fig. 293. 

Figs. 293 to i 



Blading of Zoelly Turbines. 



between the boss and the rim the wheel is thickened up by a facing 
on each side, and through this thickened part half-a-dozen large 
holes are drilled. The function of these holes is to permit of the 
instantaneous equalisation of the pressure on each side of a wheel 
when the load is suddenly thrown on or off. Any end thrust there 
may be is taken by a simple thrust block, the object of which, 
however, is more to locate the rotating parte endwise than to do 
anything else. 

The blades of the Zoelly turbine are of 5 per cent, nickel 
steel, and photographs of them, together with the distance pieces 
which go between them, are reproduced in Fig. 293. Figs. 294 
and 295 indicate the way in which they are held in position. 
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They are made of sheet metal, hent to the curvature required, and 
notched at the root in the manner shown. They are ground to a 
good finish, both internally and externally, and the back of the 
leading edge is also ground away so as to obtain a very fine edge. 
Their thickness is about a millimetre, but the longer blades taper 
down in thickness from root to tip. The distance pieces are also 
of steel, machined all over, and polished on the upper face, which 
is in contact with the flow of steam. 

Fig. 295 indicates very clearly the manner in which the blades 
are held. They are laid in position alternately with the distance 
pieces when the wheel is on its side, a length of square iron rod 
curved to the correct radius being cramped to the wheel to locate 
the notches on the then upper side. When the whole of the blades 
are inserted, the temporary locking iron is removed, and replaced 
by a ring which secures all the blades in position. This ring 
is then riveted to the wheel, as shown. In recent designs, we 
may add, the blades have been shrouded at their outer edges. 
They run with about 3 millimetres clearance from the nozzles, and 
have about the same clearance between their tips and the casing 
of the machine. 

The necks of the bearings and the portions of the shaft running 
in the glands are lapped to the highest possible finish. The central 
part upon which the wheels are pressed is made in five successive 
diameters, each 1 millimetre greater than the previous one. Each 
diameter carries a group of three wheels, except the end one, which 
carries four. The wlieels are secured longitudinally between a fixed 
collar at one end and a screwed collar at the other, the boss of each 
wheel being in contact with those on each side, so that by tightening 
up the collar the whole series is locked. The collar is then itself 
fastened by a steady pin. Feathers let into the shaft, and secured 
by countersunk screws, prevent the wheels from turning relatively 
to the shaft. There is one feather for each group of wheels on 
the same diameter of shaft. 

The bearings are fixed to the bed plate, and are entirely distinct 
from the turbine casing, so that they receive no heat from the latter. 
Details of the bearing at the low-pressure end are given in Figs. 296 
to 306, pages 256 and 257. Both bearings are water-cooled and 
provided with forced lubrication. The steps are lined with white 
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Figs. 296 to 299. JIain Bearings; Zoelly Turbine. 
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metal, and are not made to swivel. In the low-pressure pedestal is 
held the thrust block, as shown in Fig. 296. This^ of course, is split 
horizontally, but the parts make a metal-to-metal joint, and are 
registered against relative endwise motion by a small steel key fitted 
across the joint at each side. Moreover, the complete block has a 
groove turned all round it, into which fit seatings formed on the top 
and bottom parts of the pedestal, so that the block is held solid 
with the latter. The thrust grooves are lined with white metal. 
To adjust the turbine rotor in the casing, the whole pedestal is set 
into the required position to give the requisite blade clearance, 
the shaft being compelled to move with the pedestal by reason 
of the thrust block. When the right position is determined the 
pedestal is secured by four steady pins, so that it is fixed onee 
for all 

It will be seen in Fig. 308 that bolted to the end of the turbine 
shaft is a steel extension piece, on which is cut a worm. This 
gears with two worm wheels, see Figs. 307 and 309, a small 
one, running at 500 revolutions, being cut on the tachometer 
shaft, and a larger one, running at 134 revolutions, driving an 
oil pump for lubricating the bearings, glands, &c. The tachometer 
shaft extends upwards and drives the instrument spindle by a sort 
of loose cotter joint, as shown. The whole of the worm gear, 
the footstep for the tachometer shaft, &c., are inside a casting, 
and run submerged in oil. The pump is of the reciprocating 
type, driven by a die in a slotted crosshead, the die being on 
the crank pin of the shaft, to which the worm wheel is keyed. 
There are three rams from the crosshead, working in parallel 
chambers bored in the solid metal of the casting. A sight-feed 
device controls the inlet to each pump, and the oil is forced 
out through a non-return valve. To withdraw the whole of the 
pump gear it ia only necessary to undo four nuts, and the casting 
containing it can then be removed bodily without interfering with 
any adjustments. The worm gear, &o., can also be examined through 
another opening, normally closed by a large circular cover. 

The stop valve is illustrated in Fig. 310, page 260. The 
valve itself is a simple single -beat construction, working hori- 
zontally, guided by the bore in which it slides. Steam enters by 
the bottom branch, passes round the port formed in the casting. 
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across the valve seat, and away to the governor valve, which is 
bolted to the right-hand branch. The thrust of the valve spindle 
when closing the valve is transmitted to the latter through a spring, 
as shown. The spring is placed between a washer on the spindle 



Figa. 307 to 309. TnchoDieter and Oil Pump Drive 

and a plate bolted to the back of the valve. Thus the valve 
cannot be brought into contact with its seating with the violent 
blow which might occur were the connection rigid. After contact 
is made the pressure is increased by the compression of the spring 
until the end of the spindle comes into action and holds the valve 
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rigidly to its seat. This provision is all the more necessary as the 
same valve is used as an emergency valve, and when acting in 
this capacity, of course, closes at great speed. The arrangement 
will be understood from the engraving. The normal operation is 
by means of the large hand wheel. This causes the rotation of a 
bevel wheel cut with an internal thread, and acting as a fixed nut 
for a screwed sleeve. The sleeve is prevented from rotation by a 
spline, and from independent endwise motion by a collar pinned to 
the spindle at the forward end and a catch sleeve behind. These 
latter form abutments, through which the sleeve moves the valve 
spindle. 

In a dash pot surrounding the end of the spindle is a piston 
attached to the latter. Obviously, when the valve is opened, the 
backward motion of the spindle compresses the spring behind the 
piston, the thrust passing through the catch sleeve. The spring has 
a working travel of 2 in., and exerts pressures, at the ends of its 
travel, of 350 lb. and 535 lb. respectively. The catch sleeve referred 
to has longitudinal grooves cut along it, and in a certain position 
these coincide with internal projections in the bore of the screwed 
sleeve. Normally, however, there is not coincidence, but should the 
trip lever, shown keyed to the catch sleeve, in Figs. 311, 312, and 
313, on page 261, be depressed, the sleeve will be rotated until the 
two coincide. This is the emergency trip motion, the dash-pot 
spring then driving the spindle forward independently of the position 
of the bevel wheel, and closing the valve. The catch sleeve, of course, 
slides inside the screwed sleeve, the latter remaining as before. 

After leaving the stop valve, the steam flows to the throttle 
valve, which is, of course, controlled by the governor. The governor 
employed by Messrs. Mather and Piatt is that known as the 
" Chorlton- Whitehead " type. In external form it is a polished 
cylindrical casing forming a chamber filled with oil, in which the 
working parts are immersed. The internal mechanism is illustrated 
in Figs. 314 and 315, which, however, refer to a governor of 
slightly diflFerent type, in which the connection to the valve gear 
is made from a spindle projecting through the top of the casing. 
In the case of the turbine governor the connection is made below, 
for convenience, but otherwise there is no essential difi'erence. The 
governor is divided horizontally by a centre plate, to a lug on 
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which the levers are attached. Two levers go upwards to each 
weight, to which they are pinned, as shown in Fig. 315, which 
gives a section through the weights. A single lever on each side 
communicates the motion of 
the weights to the governor 
sleeve or spindle. The weights 
are cored out to receive the 
springs, the outer ends of the 
latter being held by washers 
connected together by bolts 
passing through the weights 
themselves. One of the springs 
is divided into two parts, be- 
tween which a piston is inter- 
posed. This piston fits the 
bore of the weight, and thus 
a dash pot is formed, which 
prevents hunting of the gover- 
nor. There is an adjustable 
needle valve controlling a port 
communicating with the dash 
pot. The bottom part of the 
casing, below the diaphragm, 
is entirely filled with oil, and 
the top part is about four- 
fifths full. If the dash-pot 
valve is wide open, so that 
the oil can fiow freely in and 
out of the dash pot, the latter 
is out of action, and the 
divided spring will behave as 
F^. 314 and 315 one complete spring, the pis- 

Choritoii-Whiteheftd Governor. , i i.* „ i, _ 

ton merely acting as a washer. 

The compound spring, under 
these circumstances, is exactly equivalent to the single spring in the 
other weight. Both are designed so as exactly to counteract the 
centrifugal force of the weights in all positions at a constant speed. 
Thus any variation in speed would move the governor through 
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its whole range, and the engine w.ould hunt violently. On the 
other hand, if the valve were completely closed, the piston would 
become immovable, thus putting the shorter part of the compound 
spring out of action. This would virtually stiffen the whole of the 
governor spring — so much, in fact, that a variation of some 8 per 
cent, in speed would correspond to the extreme positions of the 
governor. This is too much for close governing, but a position 
of the valve can be found in which hunting is prevented and yet 
the governor will be isochronous, subject to a time lag of two or 
three seconds. It will thus maintain a nearly constant speed at all 
loads, which is a feature only possible with an isochronous governor, 
and yet will not hunt, as such governors always tend to do. 

Drawings of the throttle valve are given in Figs. 316 to 321, 
pf^e 265. Referring to Figs. 316 and 318, the steam enters on the 
left-hand side, and, passing round the annular passage, enters the 
valve by half-a-dozen ports, cored in the cast-iron bush which forms 
the valve seating. The lower and upper ports are shown in 
Figs. 320 and 321 respectively. The upper part of the valve is a 
close sliding fit in the bush, while the lower has about half a milli- 
metre clearance all round, and rests on a coned seat when the valve 
is. shut When it is open, steam passes both upwards and downwards 
from the central portion ; but the main flow is upwards and out 
through the upper ring of ports. These taper to an elongated 
point at their lower edge, so that the control may be gradual. 
When closed the upper ring of the valve laps over the lowermost 
point of the upper ports by 4 millimetres, and has a further travel 
of 42 millimetres. It is 176 millimetres in diameter, and balanced 
as regards steam pressure, while the simplicity of its form precludes 
troubles from distortion. The spindle has no packing in the ordinary 
sense of the word. It passes through a well-fitting bronze sleeve of 
considerable length, and the part within the sleeve is turned with a 
number of shallow grooves. Any alight leakage which occurs will 
be in the form of water, and a drain is provided to take it away. 
The upper part of the spindle carries a smalt solid piston, which 6ts 
the casing weU, and serves both as a guide for the spindle and a 
further check to the escape of steam. 

The emergency governor, which actuates the tripping of the 
stop valve and thus shuts down the machine should the speed 
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become excessive irom any cause, is situated in the base of the 
casting carrying the Whitehead governor, and is driven by the 
same worm gear. It consists, see Fig. 313, page 261, of a weight 
pinned on a plate rotating horizontally, and held in against 
centrifugal force by a spring. When the speed exceeds a given 
amount the weight overcomes the spring, and, moving outwards, 
its hardened end comes in contact with a lever fixed to a spindle 
extending through the casing. On the outer end of the spindle 
is a catch, which engages with a notched rod, as shown in Fig. 311. 
This rod is attached at the other end to another set of levers. When 
the emergency governor acts, the catch is disengaged and the rod 
is forced forward by a strong compression spring. In going forward 
it rotates the levers to which it is attached, and one of these lifts 
the stop-valve lever and releases that valve in the manner already 
described above. There is no wear on any part of the emergency 
governor, as the parts only move in cases of emergency. 

The lubrication of the turbine bearings has been referred to 
in connection with the description of them. The oil, after leaving 
the bearings, is returned to a lai^e cast-iron tank beneath the 
high-pressure bearing, where it is cooled. Cooling is eflfected by 
means of a system of water pipes inside the tank. The arrange- 
ment is shown in Figs. 322 and 323, page 267. Each separate pipe 
is of U shape, having its ends expanded into the copper tube 
plate, which forms an end cover for the tank. Outside this is a 
water box, with diaphragms which compel the water to pass 
upwards through one vertical row of tubes in series, and down- 
wards through the next. There are altogether forty-eight tubes ; 
they are of rolled brass, 20 millimetres inside diameter and 1 milli- 
metre thick. They are supported at the far end by round rods 
threaded through bars, the latter serving to space the vertical rows. 

Disc Feiotion. 
In impulse turbines the losses by disc friction may be consider- 
able, but really satisfactory and consistent experiments upon this 
head are still wanting. The loss depends very largely on the amount 
of clearance allowed on each side of the wheel. Rotating in free 
air the resistance experienced by a wheel may be two to four times 
as great as if the wheel is closely encased. In some experiments 
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a 42-iti. wheel, carrying two rows of blades and rotating in free 
air at 3000 revolutions per minute, absorbed over 70 horse-power. 

The large effect of the side clearances on the wheel is due to 
the fact that a rotating disc acts as a centrifugal pump. It is well 
known that if an electrically-driven high-lift centrifugal pump is 
started up against a low head, the fuses on the motor will go, 
owing to the motor being tremendously overloaded. A turbine 
wheel rotating in free air works under somewhat analogous con- 
ditions, and the power absorbed is not due merely to disc friction, 
but to the fact that a large amount of work is done in maintaining 
a radial flow of fluid. Closely encasing the wheel checks this radial 
flow and reduces the power absorbed. 

Dr. Lasche has given a rule for the power absorbed by rotating 
discs, based on experiments by the Allgemeine Company, which, in 
English measures, may be written as follows : — 

Power absorbed in kilowatts = - — ■ — — '-— — 
5.5 L 1000 J V 

Where d denotes the diameter of wheel in inches, I the average length 

of the blades in Inches, Y the specific volume of the steam and A a 

constant, which is unity for a wheel carrying one row of moving 

blades, 1.2 for wheels with two rows, 1.7 with three rows of moving 

blades, and 2.5 when there are four rows of moving blades. The 

formula is said to be valid for wheel diameters from 35 in. up to 

47 in., and for values of / ranging between f in. up to 2 in. The 

resistance offered by a turbine wheel when at work is, however, 

quite different from its resistance when motored round. With a 

wheel at work and with complete admission there is no true 

windage due to the blades, whilst with partial admission the blades 

on the active arc are also free from windage. In estimating friction 

losses allowance should be made for this circumstance. 
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CHAPTER XXVI. 

STEAM TUKBINES OF THE PARSONS TYPE. 

rilHE first steam turbine to be developed on a practical scale 
J- was tbat designed by Sir C. A. Parsons, who built his first 
unit, one of 6 electrical horse-power, eariy in 1884. The theoretical 
and mechanical problems to be solved were of extraordinary diffi- 
culty, but the inventor recognised from the outset the great pos- 
sibilities of the reaction type of machine and by an exceptional 
combination of courage and genius overcame all ditBculties. Many 
of his discoveries are now embodied in machines working on different 
principles. 

A section through a typical turbine of the Parsons type is 
represented in Fig. 324, Plate XV., whilst Figs. 325 to 328, 
Plate XVI., represent a general arrangement of the machine. 
The turbine in question was constructed by the Brush Electrical 
Engineering Company, Limited, Loughborough, and was designed 
to develop 1500 kw. at 1500 revolutions per minute, taking steam 
at 175 lb. (gauge), superheated to 150 deg., whilst the designed 
vacuum was 27 in. Using the by-pass, the load may be increased 
to 2000 kw. for an indefinite period, the limit being imposed by the 
alternator. It will be seen that the rotor is made with four main 
diameters instead of the three generally employed. This practice 
allows of a better correlation between the steam-way and the steam 
volume, and thus gives a more uniform steam velocity, than the other 
method, without unduly increasing the length of the low-pressure 
blades. Steam enters the casing at the annular port A, Fig. 324, 
and flows away to the right, passing through eight "expansions" 
or groups of blading on its way to the condenser. The condenser 
is situated immediately beneath the turbine, and is connected to it by 
means of a copper bellows pipe, shown in Fig. 325, Plate XVI. The 
end thrust on each of the four drums is balanced by a dummy 
piston, of the mean diameter of the blading, these dummies being 
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shown to the left of the port A. Each drum is balanced separately 
by a pipe, which equalises the pressure acting on the dummy with 
that acting on the corresponding drum. These equalising pipes 
are shown in the illustration, and it will be noted that they are 
all outside the body of the casing, and not cast as ports through 
it. The latter practice was favourable to distortion of the casing 
under steam, a point which has to be rigidly guarded against. The 
equalising pipes, moreover, are either curved or fitted with expansion 
pieces, so that they may yield freely under the expansion of the 
casing. Glands are not used for these on account of the chance of 
their sticking. The by-pass steam for overloads is admitted around 
the port B, and the first drum is made slightly smaller in diameter 
beyond this point, in order that end balance may be obtained when 
the by-pass is in use. 

The rotor body is made of a single steel forging, machined 
inside and out. At the high-pressure end it is forced into a recess 
turned in a heavy flange forged solid with the end shaft, and the 
bolts holding these parts together also hold the ring forming the 
third and fourth dummy pistons. The low-pressure end shaft is 
also flanged out, registered, and bolted to the rotor, as shown in 
Pig. 324. In the early days of steam-turbine construction there 
were not unfrequent cases of trouble that occurred through the end 
shafts working loose in the rotor. The former practice was to shrink 
or force them into place, but the high temperature of live, or 
especially of superheated, steam caused the spigot ends to come 
loose through differential expansion. In the turbine illustrated it 
will be noticed that any differential expansion that tends to occur 
will act to tighten the connection between the shaft and rotor, as 
at the high-pressure end the heated rotor forms the inner member. 
At the low-pressure end the likelihood of trouble is not so great, 
because the temperature differences are less. Moreover, all bolts 
used are made a driving fit into their holes, and the nuts are locked 
by riveting over the ends of the bolts. The rotors for the smaller 
sizes of machines are made in a somewhat different manner, and will 
be referred to later. Another solution of the same problem will be 
found in the description of the Willans-Parsons turbine, below. 

The upper part of the casing is hinged to the lower at 
each end, so that the machine may be readily opened and closed 



y Google 



Fio. 324, PLATl XT. 



y Google 



y Google 



STEAM TURBINES OF THE PARSONS TTPK. 271 

without getting out of register. These hinges can be seen in 
Figs. 326 and 327, Plate XVI. Each part of the casing for turhines 
of over 500 kw. ia huilt up of three castings, so as to lend itself to 
rapid and accurate machining. The castings register together, and 
are permanently fastened together by means of studs, as shown in 
Fig. 324. After planing the joint and rough boring, the horizontal 
joint is scraped and the boring and grooving are completed, special 
care being taken that the axis of the bore is in the plane of the 
horizontal joint. The casings are drilled to jig, so that perfect 
correspondence is obtained between the botes in the adjacent flanges. 
The exhaust end of the casing is bolted to the turbine bed plate, 
while the foot at the high-pressure end is free to slide between 
machined guides, so as to allow the longitudinal expansion and 
contraction to take place without restraint. 

In the end casings are cast inspection holes, normally closed 
by covers, by removing which it is possible to see the ends of the 
rotor. The principal use of the orifices, however, is to enable any 
contact of the blades or dummies to be easily heard when the rotor 
is slowly moved round. An exhaust-relief valve ia fitted, as shown 
in Fig. 324, which opens automatically should the pressure at the 
exhaust end of the turbine ever exceed that of the atmosphere. 
This valve can be operated by hand, by means of a lever, which, 
when depressed, destroys the vacuum and rapidly brings the turbine 
to rest when shutting down. A large oil tank, closed by a removable 
cover, is formed in the turbine bed. From this tank oil is forced 
by the purap to all bearings of both the turbine and the generator. 
Details of thia pump are given below. The return of the oil from' 
the generator bearings to the tank is by means of a 4-in. wrought-iron 
pipe cast in the bed plates. At the junction of the bed plates the 
pipe ends are recessed a httle into the faces and expanded into 
the holes. The joint ia made by a ferrule of lead, and proves 
perfectly oil tight in practice. Thickly shellaced brown paper also 
makes an effective oil-proof joint. 

In this turbine a so-called "water" gland (Fig. 329) is used to 
pack the abaft where it emerges from the casing. Both ends of the 
rotor are in communication with the condenser, so that leakf^e of air 
inwards is what has to be provided against. It consists of a brass 
disc forced upon the shaft, the circumference of the disc being 
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flanged and turned with 6ae serrations. This rotates in a chamber 
with about 15 mils clearance all round. There is water in the 
chamber which is thrown to the circumference 
by centrifugal force, and effectually seals the 
clearance apace. The smaller flange formed 
on the outer end of the boss of the disc acts 
as another seal in series with the iirst, but 
its main function is to prevent water escaping 
outwards from the gland. The circumference 
of the chamber in which it revolves com- 
municates at the lower side by a groove 
with the larger chamber, so that water is 
g returned to the latter. 

^ Figs. 330 and 331, show the type of rotor 

used for machines of 500 kilowatts and less. 
W The rotor is a steel forging, as in the 
S larger type, but, as will be seen, the high- 
g pressure end is forged down to form the 
g shaft, so that no possible source of looseness 
^ exists at this end. The low-pressure end 
^ shaft is flanged out, and fixed to the rotor 
m by studs. The nuts on these studs are 
'^ '% locked by burring over the ends of the 

o studs. Moreover, to prevent the studs them- 
" selves from unscrewing, the facing for the 
■^ nut is recessed ^ in. into the metal of the 
flange, and made just large enough to clear 
the corners of the nut. When the latter is 
screwed up, the metal of the flange round 
the facing is caulked over, so as to catch 
several corners of the nut. 

Figs. 332 and 333, pages 274 and ii75, 
show the design of the stop, throttle, and 
by-pass valves, and a photograph of the 
throttle valve and its seat is reproduced 
in Fig. 334. The stop valve is horizontal 
and is arranged to act as an emergency valve when tripped by 
hand or by the emergency governor. By means of a by-pass 
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formed on the valve itself the stop valve is practically balanced 
at the moment of opening. As a stop valve it is actuated in 
the usual way, by a hand wheel and screwed spindle, by which 
it can be opened and closed. The nut, however, is not rigidly 
fixed to the hand wheel, but is formed as a separate sleeve, free 
to slide axially in the hand wheel, with which, however, it must 
always turn, whatever its axial position. The sleeve is kept in 
position by a trigger connected to the emergency-governor gear 
and to a hand lever. When the trigger is withdrawn, the sleeve 
is free to slide with the spindle as the valve closes. When used 
as an emergency valve, the closing force is supplied by a special 
steam cylinder. Whatever the position of the emergency trigger, 
the stop valve can always be closed positively by use of the hand 
wheel. The chief cause of failures of emergency valves to act has 
been owing to the valve sticking, through lack of use ; and the 
great advantage of combining the emergency valve with the stop 
valve as far as possible is that, owing to the necessary use of the 
valve in the latter capacity, it will be found free and in good 
working condition when required to act as an emergency valve. 
The st'jani tightness of the spindles is secured by making them 
long and grinding them to fit their guides. No soft packings are 
used. 

The throttle valve, illustrated separately in Fig. 334, page 276, 
has its seatings formed at the lower end of a long cylindrical casting, 
so that they shall be affected as little as possible by any distortion 
of the valve chest under heat. Both the throttle and the by-pass 
vftlves are entirely automatic, being controlled from the governor 
through steam relays. Both valves are of cast iron, and are double 
beat. The relay for the throttle valve, shown to the right in Fig. 332, 
is of the type originated by Sir C. A. Parsons, in which the 
governor controls directly a small plunger valve, forming the exhaust 
valve of the relay cylinder, to which steam is constantly admitted. 
The plunger valve has also superposed on it an oscillating motion 
derived in this case from an eccentric on the end of the oil-pump 
spindle {see Fig. 340, page 280). When the plunger valve closes 
the relay -cylinder exhaust, the steam pressure rises under the piston 
fixed to the valve spindle and raises it against the force of a strong 
spring, which at once closes the valve, when the relay-cylinder 
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exhaust is again opened through the movement of the plunrrer valve. 
Through the periodic motion of the plunger valve, the main valve 
also acquires a periodic motion, and admits steam to the turbine 
in puffs, which are of longer or shorter duration according to the 
load. 

In order to avoid deterioration of the relay spring liy subjecting 
it to high temperatures, it is arranged to be entirely outside of the 
steam space. The by-pass 
valve is controlled in a 
similar manner to the 
throttle valve, and comes 
into action automatically 
on overloads. The weight 
of the valve box is sup- 
ported by a strong spring 
contained in a bracket 
attached to the turbine 
underbcd, thus relieving the 
turbine of any strains due 
to its weight. 

The simple and very 
efficient form of thrust 
block, for taking up what 
slight end thrust there 
may be on the spindle, 
and for accurately locating 

the position of the rotor 

,.,,,„., . Fiff. 3.^4. Governor Valve; Bnish-Pareona 

longitudinally, is shown in Turl.id." 

Figs. 335 and 336. This 

form was adopted after numerous trials of various types of thrust 
bearing at high speeds. Since it is essential that the rotor should 
have an extremely limited amount of end play, thrust blocks for 
reaction turbines are generally made in halves, joined along a hori- 
zontal plane, the upper half being free to slide relatively to the lower 
one. The lower half is then arranged to take any end thrust on 
the rotor directed towards the thrust bearing, and the upper half 
that directed from the thrust bearing. There arc thus, in effect, 
two independent thrust blocks with two sets of adjusting gear. In 
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the case illustrated, however, the upper and lower halves of the 
tlirust block are i)criiianently fixed together, thus douhlhig the 
eft'ective hearing surfaee and abolishing one adjustment. The 
running collars arc of steel ; the stationary collars are of bronze 
turned so as to allow the running collars 0.002 in. to 0.003 in. 



Figs. 335 and 336. DetaUs of Thrust Block; Bruah-Paraons Turbine. 

play. At two points on the inner periphery of each stationary 
ring, oil is delivered under a small pressure, and, aided by the 
cmtrifugsil action of the rotating ring, makes its way to the outer 
periphery of tlie bearing, and is drained away at two points on thu 
upper half of each ring. The delivery and drain holes and passages 
will be easily followed in Figs. 335 and 336, above. 
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The chief function of the thrust block is to fix the longitudinal 
position of tho rotor in the cylinder, and thus the " dummy 
clearance." The method of adjusting this is simple and positive. 
The thrust block, being securely bolted to its flanged end cover, 
is moved by means of the lever and link, shown in Fig. 324, 
towards the left until the dummies come into contact. In 
that position the distance between the thrust-block cover and 
end of the cylinder face is then accurately gauged, and an annular 
liner of that thickness, less the desired dummy clearance, inserted. 
On tightly screwing up the thrust-block cover the rotor will be 
set in the required position. 

The inverse problem of measuring the dummy clearance at 
any time is equally simple ; it is only necessary to slack back the 
nuts on the thrust-block cover, and pull back the thrust block till 
the dummies come into contact. The thickness of feeler which 
can be inserted between the cover and liner is an accurate measure 
of the dummy clearance. This operation can be done so quickly 
that it is easy to measure the minimum dummy clearance under 
practically any working condition. 

The dummy pistons have each a diameter equal to the mean 
diameter of the blading on the corresponding section of the turbine. 
They are packed against steam leakage by so-called labyrinth 
packings, one of the most ingenious of the many ingenious devices 
originated by Sir C. A. Parsons. The theory of this packing is 
dealt with elsewhere, but its characteristic features are well shown 
in Fig. 337. The collars, seen in 
the lower part of the illustration, Rti.3S7. 

are turned on the edge of the 
dummy piston, and run just out of 
contact with the L-shaped pieces 
caulked into the casing. These 
pieces are usually of drawn brass, 
but sometimes for the high-pressure 
dummy, where superheated steam 

may be met with, they are of drawn i*«mi. oummu. 

nickel steel. They are inserted in 

lengths of 2 in. to 4 in., and held by caulking, as shown. The shorter 
the length in which these are inserted the less they are likely to be 
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affected by differential expansion. It will be seen tbat the steam 
to leak over the dummy piston has to pass through each of the 
narrow clearance spaces at high velocity, and as it loses all this 
velocity immediately, and has to acquire more to pass the next 
collar, its pressure is rapidly reduced, and the quantity which ulti- 
mately escapes is small. Another type of dummy packing adopted 
for the low-pressure dummy where the large specific volume of the 
steam makes leakage relatively less important is shown in Fig. 338. 
In this, although the contractions of flow are more numerous, there 
is more or less a straight run for the steam. 

For the reception of the blades parallel grooves are bored in 
the casing and turned in the rotor, and the side walls of the 
rotor grooves are corrugated, as shown in Fig. 339. In the 
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grooves the blades are inserted alternately with distance pieces, 
generally known as caulking pieces, and made to the exact shape 
of the space between the blades and the groove walls : first a blade, 
then a caulking piece, and so on until the groove is filled with a 
complete ring of blades. The pieces are then caulked vertically, 
and their metal spread so as to fill the corrugations in the blade 
roots and in the groove walls. A lacing strip let into notches in 
the blades is secured in position by silver solder, and cut at five or 
six points round the circumference to give flexibility for expansion 
or contraction under the varying temperatures met with in practice. 
Such blading is mechanically strong, and not subject to vibration 
troubles. Each blade is brought to a thinned edge at its tip. Hence 
should anything occur to bring the periphery of the blade ring into 
rubbing contact, the thinned tips are quickly worn away, thus auto- 
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matically relieving themselves. The hiades are drawn to the required 
section and received in the blading department in about 6-ft lengths, 
which, after having been carefully gauged and examined, are, if found 
satisfactory, passed into the stores. The individual blades are cut ott' 
in a stamping press, which at the same time imprints the two corru- 




Fig. 340. Ciovcruor and Puiup Brive; Brush- ParsoiiB Turbine. 



gations on the root of the blade. These corrugations are necessary 
in the case of the rotor blades only, since the casing blades are not 
subjected to centrifugal force. Experiment shows that the holding 
force in the blades is not to any great extent frictioiial, uncurnigated 
blades being easily pulled out. With corrugations of from 0.02 in. 
to 0.04 in. deep, however, the blade will pull in two before it draws. 
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As shown in Fig. 340 the governor and the independent 
emergency governor are carried on a vertical spindle driven from 
the main turbine shaft by helical gearing. The regulating governor 
is spring-controlled, and is fitted with knife-edge joints, and the 
main spring is in halves, coiled respectively right and left hand. 
The emergency governor, recessed into the helical wheel, is of the 
knock-out type, and as each weight has its own spring independent 
of the other weight, the governor is really in duplicate. The 



Figs. 314 and 345. Muin Bearing ; Brush-Parsons Turbine. 

emergency governor acts by releasing a trigger, and thus permitting 
the main stop valve to close automatically. 

At the lower end of the governor spindle (see Fig. 340, page 280) 
is a helical wheel, which drives a corresponding wheel attached to 
the oil-pump spindle. The oil pump is a valvcless rotary pump, the 
arrangement of which is clearly shown in Figs. 341 to 343. 
The pump draws oil through a strainer, made in duplicate, which 
may be removed while the plant is running. Oil discharged from 
the pump passes through an oil cooler to the bearings, and drains 
thence back to the oil tank. 

The standard design of bearing Is illustrated in Figs. 344 
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and 345, page 282. The bearing proper, consisting of a cast-iron 
shell lined with white metal, rests on a spherical seat formed on an 
outer ring of cast iron, which in turn is supported by the cylinder 
and keep in a suitably-formed groove. Around the periphery of this 
ring there is clearance, except where four steel pads, at opposite 
ends of the vertical and horizontal diameters of the ring, bear against 
the cylinder and keep. A number of liners of known thickness are 
included between each steel pad and the ring, and these provide 
means for adjusting the setting of the bearing in any direction. 
The steel pads are screwed to the ring, holding the liners in place, 
and the whole is turned to fit the bore of the cylinder seating. 

The total thickness of liners on each diameter is equally divided 
between the ends, and by moving one or more to the opposite 
end of the same diameter, the bearing centre is moved along that 
diameter a distance equal to the thickness of the liners moved. 

The lubricating oil enters from below, and, passing into the 
hollow shell of the bearing, keeps it cool, first by conduction, then 
[jassing along the oil grooves shown, the oil carries off still more 
heat, and ultimately escapes at either end of the bearing. The 
bearing, being made in halves, can, of course, be removed without 
lifting the rotor. 

A 600-kw. exhaust- steam turbine, constructed by the same 
firm, is illustrated in Fig. 346, Plate XVII., and embodies some 
important improvements in details of construction. 

The system of supporting the turbine casing in its bed 
plate is worthy of special study. It will be seen from Figs. 346, 
347, and 348 that it merely rests on the bed plate, being neither 
cast with nor bolted to the latter. The bed plate is, in short, 
an absolutely distinct casting, which has half cylindrical seats 
bored in it at each end, which in the first place receive the feet 
or projections by which the weight of the casing is transmitted 
to the bed. These projections are best seen in Fig. 347, 
which is a longitudinal section through the casing. The boring 
of the turbine cylinder and the machining of these cylindrical 
feet is effected at one setting, so that the finished surfaces are 
truly co-axial. The bored seats in the bed plate also receive cylin- 
drical shells, in which are arranged the main bearings of the 
turbine. One of these shells only is clamped in its seat, the other 
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being free to slide axially, so that both rotor and casing of the 
turbine are under no constraint so far as longitudinal expansion is 
concerned, and the latter is, moreover, froe to rotate in its seats, 
and cannot therefore be distorted in the process of coupling it up 
to the steam pipes and to the condenser. This arrangement seems 




347 to 350. Casing for Bruah-Parsons Exhaust-Steam Turlnne. 



to have many good features, since, in addition to ensuring the 
absence of strains due to thermal distortion, it gives no loophole 
for an injudicious or inexperienced erector to pull the casing out 
i)f sha[)o when finally assenilding the machine. In fact, all the 
vital parts go automatically into alignment. The weight of the 
casing is sufficient to hold it securely in place, its rotation being 
prevented by a atop bearing, on the bed plate at one side. Further 
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experience with this system of construction has only served to 
emphasize its good poiots. On transferring the turned rotor to 
the casing, after placing the latter in position, careful checking proves 
that the actual tip clearances nowhere differ from those intended 
by more than 2 or 3 mils. 

A pUn of the casing is given in Fig. 384, page 284. The upper 
half shows the joint with a groove extending completely around it, 
inside the line of the bolts. A supply of steam at a little above 
atmospheric pressure is led to this groove, so that should any leakage 
take place, it will be from the interior outwards, and not a leakage of 
air into the turbine, which would not only spoil the vacuum with 
which the economical use of the steam is so closely associated, but 
the location of the leak would also be very difficult to detect. 
Fig. 349 shows a section through the exhaust port of the turbine, 
wbich measures 3 ft. 8 in. by 2 ft. 2 in. A section through one 
of the steam ports is given in Fig. 350. The steam-valve box is 
bolted to the bed plate of the turbine, and connected to the casing 
by flexible couplings only, thus avoiding the possibility of any 
distorting stresses being communicated to the cylinder by these 
connections. A detail showing the construction of one of these 
couplings is given in Fig. 372, page 291. This is built up out of 
copper sheet and tubing with flanges brazed on. The connections 
between the tubing and the expansion plates are both riveted and 
brazed, the rivets being of copper. These expansion plates arc cut 
from No. 16-gauge sheets, and are also both riveted and brazed 
to a ring at their outer edges. As will be seen from Fig. 346, a 
by-pass valve is provided at the coupling end of the turbine, by 
opening which the first groups of blades at each end can bo short- 
circuited, thus allowing the turbine to take a substantial overload. 

The drum is a hollow steel forging having an elastic limit of 
about 20 tons per sq. in., and an ultimate strength of 36 tons. 
Each end shaft has a flange 1 ft. 9|- in. in diameter and 3 in. thick, 
by which it is secured to the drum by fifteen studs screwed to 1-in. 
standard gas threads. There are also at each flange three 
symmetrically disposed driving pins, \^ in. in diameter at the 
smallest end and turned to a taper of 1 in 48. These are driven 
into reamed taper holes, and prevent the possibility of any relative 
iriotion of the drum and the end shafts. These pins, when home, 
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are sunk below the surface of the flange, the metal of which is 
burred over so as to lock them in place. The studs which secure 
these end shafts are riveted over the nuts when the latter are 
screwed home, and the flange metal is, moreover, caulked round 
each nut, thus effectually preventing any possibility of slacking back. 



Figa. 351 to 354. Gkiid for Brush-Parsons Turbine. 

The fin shown near the centre of the drum serves to direct the 
steam flowing from the last roW of blades into the exhaust port. 

The rotor carries at each end fifteen rows of blades, the shortest 
being ^ in., and the longest 3 in., in height. 

The construction of the glands is clearly shown in Figs. 351 to 
354, above. The special feature of this gland, as compared with 
previous patterns, is shown to an enlarged scale in Fig. 354, where 
it will be seen that the steam is wire-drawn at two points in each 
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groove in place of at one only. The packing strip, cross-hatched in 
Fig. 354, nearly touches the groove in the rotor, both at the side 
and at the bottom. The clearance between the packing strip and 
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Figa. 355 to 360. JFain Bearing Sleeve : Brush- Parsons Exlinnst Turbino. 

the side of the groove is adjustable. In the case of the gland at 
the coupling end of the turbine, this adjustment is effected by the 
micrometer attachment to the thrust block, by means of which the 
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whole rotor can be traversed axially in or out. At the other gland 
the clearance is adjusted by shitting the gland bush, the latter being 
located by the rings shown at )■ in Fig. 353, which are turned up 
to their final thickness after the erection of the turbine. The gland 
bushes, it will be seen, are made in halves, bolted together, as shown 
to the right of Fig. 352. They are prevented from moving on their 
seats by locking plates secured by countersunk set screws, as indicated 
to the left of the same figure. A supply of steam is admitted to the 
gland at A, and the leak off passes through B to the groove cut in 
the casing joint, as previously explained. 

As already mentioned, the spherical seating bearings on which 
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yigs. 361 ftud 362. Boanngs for Brush-Parsons Exhaust Turliine. 



the rotor rests are mounted in cast-iron shells, which are turned 
to a sliding fit for the seats bored in the bed plate of the machine. 
The construction of the shell for the thrust end of the turbine is 
shown in detail in Figs. 355 to 360, page 287, though the arrange- 
ment of the bearing and thrust block within it is better indi- 
cated in Fig. 346, Plate XVII. At one of its ends the shell 
supports the bearing, and at the other the thrust block. The pinion 
by which the governor and oil pump are driven comes between 
the two as indicated. Views of the main bearing showing the cast- 
iron bush and the white-metal lining are given in Figs. 3(51 and 362, 
above. On the lower half of the bearing two gun-metal safety 
strips extend the full length of the brass, extending almost through 
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the white metal, being but 4 mils below the surface of the latter. 
These are intended to receive the shaft journal and prevent a 
"strip," should the white metal be melted out, owing to the oil 
supply failing through some accident. In one case an erector left 
a piece of waste in the oil pipe, but, though the white metal fused, 
the safety strips prevented serious damage being done. The two 
halves of the bearing are held together by four -tJ-in. turned bolts. 
The ^-in. grub screw shown in Fig. 362 prevents the bolt dropping 
when the upper half of the bearing is disconnected. 

The flexible coupling by which the drive is communicated to 
the generator is of the claw type, and is illustrated in detail in 



Figs. 363 to 365. Flexible Coupling; Brush-Parsona Tur1>ine. 

Figs. 363, 364, and 365. Each half of it is bored taper to fit a 
cone on the shaft, and is held in position by a fine-threaded (eleven 
per inch) nut, securely locked in position by plates fitting into a slot 
machined in the face of the half coupling and turned up over two 
of the flats of the nut, after the latter has been screwed home. A 
good view of this coupling complete and in position is given in 
Fig. 363. 

The designed speed of the turbine is 2000 revolutions per 
minute, and the governor fitted can maintain this within a limit 
of 2J per cent., provision being also made for speeding it up or 
down to suit the voltage desired at the generator terminals. The 
turbine drives the governor spindle through spiral gearing. This 
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spindle at its lower end operates the oil pump, which ia of the 
positive rotary type, and carries also the emergency governor. 
Sections showing the details of the governor gear are represented 
by Figa. 366 and 367, page 290. The main governor is of the oil- 
relay type, taking its supply from the lubricating service. The 
governor valve is shown to the right of Fig. 367, and consists of 
a cylindrical shell, which is raised or lowered from or to its seat. 
The latter is near the throat of a convergent-divergent pipe, an 
arrangement which permits of a relatively light valve controlling 
with little frictional loss the flow of a very large volume of steam. 
The velocity of the latter at the point where it is regulated is 
high, and thus a small area can pass a large volume. The piston 
of the relay cylinder has, it will be seen, a spring above it which 
forces down the valve shutting off the steam should the oil pressure 
fail, a circumstance which would endanger the bearings of the 
turbine. The valves controlling the supply of the oil to the relay 
valve are shown a little to the right of the governor, Fig. 367. 
As the governor sleeve rises it carries up with it one end of a long 
aluminium lever extending from the sliding collar to the valve 
spindle. The relay valve is connected to this by the linkwork 
shown. If the speed increases the relay valve is raised, admitting 
oil pressure to the top of the relay cylinder,, and thus forcing down 
the governor valve. The latter carries down with it the aluminium 
lever, and in so doing restores the relay valve to its normal position. 
The emergency governor is of very simple construction, its 
details being clearly set forth in Figs. 369 to 371. It consists of 
a couple of pivoted weights which are held by springs tight against 
a central boss until the speed of the turbine exceeds the normal by 
10 per cent. The centrifugal force then overcomes the tension of 
the springs, and increasing rapidly as the centre of gravity of the 
pivoted weights gets further from the centre of rotation, these 
weights practically instantaneously move up against their stops, in 
which ease they protrude (as indicated by the dotted line in 
Fig. 370) through the wall of the casing. In this position they 
strike the tail of a pawl and release a rod which had previously 
held the emergency governor valve open. This valve is of the 
ordinary throttle type, as represented in Fig. 367 to the left of the 
main governor valve. Normally this valve is held open against the 



y Google 



STEAM TCRBINE8 OF THE PARSONS TTPE. 293 

tension of a strong spriug by the rod just mentioned, which is, 
moreover, clearly shown in position in Fig. 368 ; but when this rod 
is released by the emergency governor, the spring instantaneously 
closes the valve and shuts off the steam from the turbine. After 
the emergency governor has acted, the valve requires to be opened 
by hand, which is effected by pxJling back the hand lever shown in 
Pig. 371, page 291. 

On trial at the builders' works the following figures as to 
steam consumption were recorded : — 

Table XVIII. — Stkam-Conuuhption Testb on 600-Kilowatt EzHAuar-TuBBiNE Sbt. 

j.r.MA I Wator per Honr, Steam at . „. ■ Buo- tt.___ 

^*^- ! P<^d^ ; stop V»We. Steam „,»^. | Vaoaom. 






. below , 
(jovenior ■ ' 



Square Inob 

i '306 10,770 ! 36.2 I - .610 229 ' 9.6 ! 29,85 

J 448 14,076 I 31.4 - .245 j 241 12.4 ' 29.85 

FuU 596 18,876 ■ 31.7 '' - .170 ' 266 ; 15 j 29,85 

602 19,569 ' 32 5 + .8 222 16.5 30.28 

603 18,910 31.35 , + .4 263 ; 15.4 I 30.28 



The variant of the reaction steam turbine, constructed by 
Messrs. Willans and Kobinson, differs in many details from the 



A longitudinal section, an end view, and a plan of a Willans- 
Parsons turbine, are given in Figs. 373 to 375, Plate XVIII. The 
steam inlet is at A, and the steam flows through the blades to the 
right, finally escaping to the condenser at C. As the pressure 
continuously diminishes from A to C, there is an end thrust on 
the rotor tending to make it move to the right. In the turbine 
illustrated, Messrs. Willans and Robinson have adopted the Fullagar 
system of balancing. The turbine, as shown, has only two dummy 
pistons at the high-pressure end of the turbine and one small one 
at the low-pressure end. The high-pressure dummy is lettered B 
in Fig. 373, whilst D denotes the intermediate dummy, and E the 
dummy at the low-pressure end, which, it will be seen, is quite 
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amall in diameter. The back of the high-pressure dummy is con- 
nected by the pipe H with the exhaust from the high-presaure 
blades, and hence this dummy balances completely the thrust on 
the high-pressure blading. The back of the intermediate dummy 
is, however, connected direct to the condenser branch, and as a con- 
sequence the intermediate section of the turbine is overbalanced. 
This surplus is utilised to balance partially the thrust on the low- 
pressure blades, the residue being equilibrated by steam passing 
through the holes F and G to the back of the low-pressure 
dummy E. 

As shown in Fig. 373, each half of the casing is in three 
lengths, registered together by a tongue and groove turned at each 
joint. The underlying motive of the design of this portion of the 
turbine has been to utilise simple circular castings without ribs or 
cored passages, likely to give trouble from unequal expansion. 
Each portion of the casing being in a short length, all the 
machining on it is done within full sight of the workman. The 
practice is to plane up first the longitudinal joint, and bolt together 
the halves into a complete ring, which is then bored out and the 
ends faced on a vertical boring mill. Coincidence between the centre 
of the bore and the plane of the longitudinal joint is secured by 
careful work. All bolt holes in all flanges are drilled to jigs, so 
as to secure thorough interchangeability. 

Two methods of constructing the rotors are illustrated. That 
shown in Fig. 381, page 295, represents the pattern which has 
been used for turbines rated at 2000 kilowatts or under, whilst in 
Fig. 382 is shown a pattern used for larger sizes. Taking the 
former first, the most noteworthy feature lies in the fact that the 
high-pressure end is made entirely in one piece. 

At the low-pressure end of the rotor the shaft is separate from 
the main forging, as shown. It is secured to this forging by T bolts, 
let into a slot turned in the low-pressure end of the drum, as 
shown separately in Fig. 380. When the nuts have been tightened 
down, the projecting ends of these bolts are riveted over, making 
them thoroughly secure. When, as in Fig. 382, the rotor is distinct 
from the high-pressure end shaft, special precautions are always 
necessary to prevent differential expansion at the joint. The plan 
followed is clearly shown in Fig. 382, which represents the drum 
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of a 3000-kilowatt machine. The stub end of the shaft is let into 
a steel casting, which is cored out at T, T, as indicated. The 
portion of the spider into which this stub end of the shaft is forced 
is exposed to the temperature of low-pressure steam only, whilst 
the outer portion, which does come in contact with the often highly- 
heated drum, is secured to the latter by T bolts let into a slot, as 
already explained, in dealing with the low-pressure end of the 
2000-kiIowatt rotor. 

The spider for the low-pressure end of the 3000-kilowatt rotor 
illustrated is constructed on the lines of the American car-wheel, 
with the view of eliminating any internal strains which might arise 
in the process of casting. Like the steam end spider, it is a steel 
casting. 

Details of the labyrinth packings are illustrated in Figs. 383 to 
385. At the low-pressure end provision must be made for axial move- 
ment, and thus the labyrinth is of the axial-flow type. It consists, 
it will be seen, of a number of fins on the casing, which come almost 
in contact with the shaft, and an equal number on the shaft almost 
in contact with the casing. The outer end of each fin is split. 
The clearance between the shaft and the fins must, it is found, be 
larger than where radial-flow packings are used, and for 8-in. shafts 
may be 30 mils. This type of packing is used not only for the 
glands, but also for the low-pressure dummy. The function of the 
glands, which are shown at V and W, Fig. 373, Plate XVIII., 
is, of course, not to prevent the leakt^e of steam out of the 
casing, but to stop the entrance of air. 

The main bearings of the turbine are arranged close to the glands. 
The construction of these bearings is shown in detail in Figs. 386 
to 389, page 298. The bearing surface is of white metal, hammered 
into cast-iron shells. The two half shells are bolted together by 
turned bolts, and have secured to them, at top and bottom and 
at the sides, four pads of cast iron, which fit into the recesses 
shown at R, Q, S, and T, Fig. 388, and are secured to the shell by 
countersunk screws. Packing pieces of steel of various thicknesses 
are placed between these pads and the shell. The pads are then 
turned to a spherical surface, to correspond with a similar spherical 
surface bored in the turbine framework to receive them. The object 
of fitting packing pieces under the pads is to provide a method of 
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adjusting the bearings true to the bore of the casing when the 
turbine is being erected. By taking out one of the upper packing 
pieces, and inserting it amongst the lower, the effective centre of 
the bearing is raised, whilst a sideways adjustment can be effected 



Fij(8. 383 to 385 Dummy and Gland Packings for Willans-Pareons Turbines. 

in similar fashion by thickening and thinning the packings under 
the side pads. 

The method by which oil is supplied to the bearings is best seen 
at the low-pressure bearing in Fig. 373, Plate XVIII. Oil is forced 
up a hole provided for this purpose in the bottom pad, and thus 
enters a channel cast in the shell, as shown in Figs. 386 and 387. 



y Google 



stbau turbines : 



This commuDicates at each horizontal diameter with a long shallow 
slot formed in the white metal, and it is from this channel that 
the oil IB distributed to the upper and lower halves of the bearing. 
It flows axially along the shaft, and escapes from the bearing at 
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Figs. 3S6 to 389. Main Bearing Brasses for Willans-PaTsons Turbines. 

each end. Oil flirts are provided to prevent the creeping of the 
oil along the shaft to the exterior of the casing. The oil, after 
leaving the bearing, falls into a receiver below, and thence by piping 
to the cooler, which is shown at L, Pig. 373. When cooled and 
strained, the oil is returned to the bearings by a pump driven direct 
from the turbine shaft by worm gearing. 
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To the immediate left of the bearing at the high-preBSUre end 
(Fig, 373} will be seen the emergency governor M, which will be 
described in detail later on. Beyond this comes the thrust block, 
shown to an enlarged scale in Fig. 390, page 299. This fits into a 
recess bored in the turbine framing ; its position is adjustable axially, 
the upper half by the T-headed bolts shown, and the lower half by 
a fine thread set bolt. In making the adjustment, the rotor is pulled 
to the left by the T bolts until the dummy packing rings comes into 
actual contact. The micrometer set bolt is then screwed in to bring 
.the lower block in contact with the collars on the shaft. This done, 
the upper half of the block is slacked back, and the lower half 
adjusted so as to give the desired clearance — 10 mils or so. The 
upper half is finally brought up again by the T bolts, so as to give 
the thrust collars about 5 mils play in the slots. The whole is then 
locked in position. The oil supply is pumped in from below and 
escapes at the top. The thrust collars, it will be seen, are cut 
in a sleeve secured to the shaft by a left-handed nut H (Fig. 390), 
which is shown in detail in Fig. 379, Plate XVIII. There is a 
square hole in the end of this nut, into which fits the rounded end of a 
junction piece I (Fig. 390), which drives the governor and oil-pump- 
actuating shaft J. This shaft carries a multiple-threaded worm, 
which on the one side gears with a wheel on the governor and tacho- 
meter spindle at K (Fig. 391), and on the other with the oil-pump 
spindle at S. The worm and its shaft can be removed bodily, without 
disturbing any other portion of the mechanism, by taken off the cover 
P (Figs. 390 and 391). The thrust of the worm is taken on a 
Hofiinan ball bearing. 

The governing of the turbine is effected by an ordinary throttle 
valve and not by a relay. The main governor valve is shown in detail 
in Figs. 376 and 377, Plate XVIII. It is a double-beat equilibrium 
valve of cast iron, chilled at the seats, and finished by grinding. The 
seats are also of cast iron, and the lower one is secured by square- 
bodied studs to the valve cage. I'he square bodies of the studs fit into 
square holes in the seat rings, which effectually prevent the loosening 
of the studs by the vibration set up. The governor, which is well 
shown in the general view, Fig. 373, lifts or lowers this valve, as 
needed, by the lever shown. The plan view shows how the stop 
valve, governor valves, and by-pass valve of the turbine are arranged. 
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Starting from the left, the atop valve is at W, the throttle valve 
at X, and the by-pass valve at Z, the emergency governor valve 
being between the two latter. 

The emergency governor is of a very simple and ingenious type. 



Figs. 392 to 391. Emergency Governor and Gear ; Willans-Parsons Turbine, 

It consists of a coil spring fitting the shaft, as indicated at M, 
Fig. 373, and shown on a larger scale in Figs. 393 and 394, above. 
When the speed becomes excessive, the centrifugal force on this 
spring becomes greater than its tension, and it expands. Not being 
in balance, as is evident from Fig. 393, it continues to revolve with 
the shaft, and, its expansion increasing, it finally strikes the trigger 
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at A, Fig. 393. This unlooks the pawl B, which engages with the 
teeth of a ratchet wheel geared to the spindle of a throttle valve, 
which immediately closes under the action of a spring. The 
connection between the ratchet wheel and the valve is made by 
means of a Cardan shaft, as shown in Fig. 392, page 301. 

The blading is fixed on machine-divided foundation strips, which 
are held in place by caulking rings. 

The shrouding rings are of channel section, and are drawn 
to shape. They are bent to a half-circle, and are punched to receive 
the tips of the blades. The operation of punching causes the strip 
to elongate by about ^ in. per foot, and to provide for this it is 
clamped to the cylinder of the punching machine behind the punch 
only. The portion yet to be perforated is held but loosely, and hence 
all the expansion takes place in this direction, and the accuracy of 
the spacing remains accordingly unaffected. 

It is usual in steam-turbine practice to fit an expansion joint 
between the turbine and the condenser, in order to avoid strains on 
the turbine casing from the expansion of the condenser by heat. 
When such a joint is used, however, there is a large unbalanced load 
to be carried by the turbine casing whenever there is a vacuum in 
the condenser, and to avoid this the plan has been adopted in 
this instance of mounting the condenser on springs strong enough 
to take the whole of its own weight and of the water flowing 
through it. The condenser can then be bolted direct to the 
exhaust branch, and when hot expands downwards by compressing 
the springs. This additional compression does, of course, give rise 
to a slight upward pressure against the turbine casing, which is, 
however, very small in comparison with the downward force it has 
to withstand when an expansion joint is used. 
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CHAPTER XXVII. 
GENERAL NOTES ON TURBINES OF THE PARSONS TYPE. 

THE casing of steam turbines of the Parsons type is generally 
of cast iron, but with the high superheats the high-pressure 
end is best made a steel casting. Steel is advisable in such 
cases because cast iron "grows," that is to say, permanently 
increases in volume, when exposed for a prolonged period to a very 
high temperature. The necessity for the adoption of steel is likely 
to become more imperative with the continuous increase in super- 
heats. In French admiralty practice high-pressure marine turbines 
are tested to 90 lb. more than the designed working pressure, and 
under this a stress on the cast iron of 2 tons per sq, in. has been 
permitted. The low-pressure turbines are subjected to a test load 
of twice the working pressure, and the stress on the metal in that 
case is of the order of ^ tons per sq. in. The essential feature to 
be borne in mind in designing the casing is to secure an absence 
of distortion. Equalising ports, connecting the dummies with the 
discharge end of the sections they balance, should be separate 
pipes, and not cast in the turbine casing. The latter should 
be well protected by a non-conducting jacket when at work, as 
experiment has shown that an uncovered casing " hogs " perceptibly 
when hot, owing to the lower part of the casing being cooled 
by convection currents more than the upper. If the highest 
economy is to be secured the casing is best divided into a separate 
high and low-pressure portion. The dummy clearances necessary are 
largely dependent on the maximum diameter of the casing, and 
since high-pressure steam is very dense, it is very important to 
keep these clearances small at the high-pressure end. Dummy 
clearances are commonly about 5 mils per ft. of the maximum 
dummy diameter. The flange at the horizontal joint of the turbine 
casing can hardly be too thick. The ideal casing would be a joint- 
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less ring in which every section which was originally radial remains 
so under strain. With a casing made in halves, however, and having 
thin joint flanges, the joint faces tend to open out under pressure, 
and this tendency is kept in check solely by the stiffness of the 
flange. The latter may therefore well be made li^ to If times 
the shell thickness. The holts should be brought up as close as 
possible to the inside edge of the joint, and it is therefore not 
uncommon to use here special nuts and bolts with small heads in 
place of standard patterns. 

With modern surface condensers vacua in the neighbourhood 
of 29 in. may be secured in temperate climates during several months 
of the year. To utilise such efficiently the low-pressure end of the 
turbine is sometimes made on the double-flow system. 

Where high superheats are to be employed the belt through 
which the steam enters the casing is best made so as to lie equally 
on each side of the port. If made so that there is a large over- 
hang on the one side there is a danger that the greater expansibility 
by heat of the brass blades and caulking pieces may deform the 
casing, causing the blades to foul. The horizontal joint for the 
casing may be made with boiled oil and plumbago, or with 
magnesite painted on. 

The rotor was at one time built up of steel castings, but forgings 
are now most commonly used. These have the advantage of being 
everywhere of uniform density, and thus are more easily balanced. 
Some firms, however, now offer to supply steel castings more than 
satisfying the Admiralty specifications for steel forgings, so that 
the use of castings may be revived. The table opposite, taken from 
the paper contributed to the proceedings of the Junior Institution 
of Engineers by Mr. J. M. Newton, B.Sc, shows the character of 
the steel forgings commonly used. 

In the early days of high superheats there were a number of 
cases of blades stripping owing to differential expansion of the body 
of the rotor relatively to the shaft socketed into it. The trouble 
arose not because the superheat was high but because it was variable. 
If the load on a generator suddenly fell off and came on again the 
temperature of the steam was liable to range through 200 deg. to 
300 deg., and to such conditions the earlier forms of stub-end attach- 
ments proved unequal. Two diflFerent methods of surmounting this 
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difficulty have been described in the preceding Chapter. In the 
ease of turbinea for generator driving, there is an absolute absence 
of corrosion so far as the superheat extends, but beyond that there 
may be a little pitting of the drum. Marine turbines have at 
times shown signs of corrosion in the interior o( the drums, which 
has been checked by a coat of whitewash, and by arranging for 
efficient drainage. 







Tablb XIX.- 


Stbbl fob TrBBiNB Rotors. 






Specimen. 


Strew 


Ebnga- 


RedDo. 
tionof 
Am. 




No. 


Mktoriftl. 


TMameter. 


DuUnoe 
between 
Qtiuge 
Pointa. 


ElMtic 


Ultimito, 
Ton. per 


Fnotureand 
Eemftrks. 






in. 


in. 






p.c. 


p.c. 




1 


Nickel steel 


0.780 


2 


30.3 


44.4 


30 


53.8 


Silky filiron3 


2 




0.798 


2 


29.5 


40.8 


30 


55.8 


.. 


n 




0.798 


2 


29.8 


40.4 


34.5 


59.2 




, 


4 


Mild Bt<-el 


0.798 


2 


32.2 


40.5 


25 


35.6 




„ 


6 


„ 


0.796 


2 


24.4 


39 


30.5 


54 




. » 


6 


„ 


0.787 


2 


26.5 


38.6 


28 


46 




. » 


7 


„ 


0.800 


2 


25.8 


40 


26 


36 




. » 


8 


„ 


0.800 


2 


26.2 


36 


.34 


56 




, „ 


9 


" 


0.798 


2 


17.2 


35.4 


16 


20.8 


20 percent, fibrous, 
80 per cent, finely 
granular (taken 
from top of ingot) 


10 


" 


0.798 


2 


15.8 


32.9 


30 


47.2 


Silky fibrous (taken 
from bottom of 
ingot) 



Specimens 9 and 10 failed to meet the requirements and were rejected. 

In land practice the blading is commonly made to three 
diameters, as represented in Fig. 382, page 295, ante. The turbine 
is thus divided into a high-pressure, an intermediate, and a low- 
pressure section. The two former commonly do each about one 
quarter the total work, the remainder being left to the low- 
pressure section. The drum diameters in the different sections 
commonly increase in the ratio of 1 : \/2 : 2. 

With powers which are not large compared with the speed of 
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rotation this system of construction is quite satisfactory, but if it 
is intended to build a 2000 or 3000-kw. machine to run at 3000 
revolutions per minute it is preferable to make the rotor in four 
diameters, as in the case of the Brush turbine described, page 269, 
ante. The desirability of this is due to the enormous volume of 
steam at the exhaust end, aud its consequent high velocity if the 
passive way be restricted. If r be the residual velocity of the steam 
as discharged from the last row of blades, the loss by "carry-over" 

to the exhaust is I 1 B.Th.U. per lb. of steam passed. The 

blade height cannot well exceed ^ the mean diameter, so that to 
pass a very large volume of steam, as is necessary when the 
output is great, a large diameter is needed at the tow-pressure 
end if the final velocity of discharge is to be moderate. In extreme 
cases the exhaust end may be constructed as a disc, carrying a single 
row of blades, in which case it would be possible to construct a 
reaction turbine of as much as 8000 kw. to run at 3000 revolu- 
tions per minute, with a loss by carry-over to the exhaust of not 
more than some 5 per cent, of the total energy supplied. An 
alternative to the plan of making the drum in four diameters is 
to construct the low-pressure end on the double-flow system. 

In marine practice, when three shafts are used there is one 
high-pressure turbine doing one-third the total work, and two low- 
pressure turbines, arranged " in parallel," doing the remainder. In 
the case of four-shaft ships there is usually, on each side of the 
vessel, a high-pressure turbine driving a wing shaft and develop- 
ing about one quarter the total power, which is in series with 
a low-pressure turbine of equal power, which drives one of the 
centre shafts. The low-pressure drum, whichever arrangement is 
used, is usually about v''2 times as great in diameter as the high- 
pressure drum. 

The Bladino. 

Rules for fixing the number and proportions of the blading 
are given in Chapter VII. The blades used are a "form of least 
resistance." Good proportions for normal blades have already been 
given in Fig. 14, page 23. They are commonly pitched closer on 
the drum than in the casing, but the opening in standard practice 
is always one-third the pitch. Some builders, however, " gauge '' their 
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blades so as to keep the speed of the steam constant throughout 
each group or expansion. In marine work gauged blades are not 
now used (1912). 

The angle of discharge from f-in. normal blades gauged 
with an opening equal to one-third pitch has been measured by 
Messrs. W. Chilton and J. M. Newton, as already described on 
page 23. So called semi-wing blades are merely normal blades 
having special spacers, which give them a discharge angle of 
28 deg. to 30 deg. 

A good form of wing blade is represented in Fig. 15, page 23. 
The discharge angle is about 40 deg., but in cases is made as much 
as 50 deg. A table of standard blades and caulking pieces is given 
below : — 

Table XX. — Standard PAiteoNa Blades and Caolkino Pieceb. 



Ciiilkiiig PleccL 





Weight 
iC 

RUD. 


Uh>1 Umita 
<rf Length. 






Cuing. 




D^o. 


SoctkiD 


1 

Section 

1 »" 


B<S°ired 


Welfht 


o™™.. 


Seotlon 


RtguiKd 


Wefjht 
Run. 


Omon* 




Widlh. 


Depth. 


Width. 


Depth. 


liOB 


aoi. 


UpWIin. 




B.8 


(.105 


o.sis 


in. 


120 C 


r.8 


(.106 


in. 


in. 


130 B 


ao§» 


) in. to 4 „ 


130 C 


17 


o.m 


a.3si 




130 S 


6.a 


0.15> 


I) 




ISOB 


aoeg 


i .. ., * .. 


ISIO 


8.S 


0.815 


a4i5 




181 B 


3.7 


4300 


1) 




1S2B 


aOTT 


1 .. „ » ., 


182 C 


8.2 


a4oa 


0.W8 




132 B 


3.9 


0.320 


0l4O0 




»0B 


aisj 


* „ ,. 8 „ 


S40C 


£TS 


aiGo 


o.tio 




MO B 


3.4 


0.400 


asio 




Z10B 


0.180 


1 .. >, a „ 


MIC 


£M 


(l»4S 


0.M0 




2418 


3.2 


0.450 


a640 




2G0B 


asM 


s ,. .. It „ 


ma 


2.2 


o.m 


a«uo 




2G0 S 


E.7 


aooo 


0.810 




£MB 


CiM 


8 „ ., 12 „ 


251 c 


ai 


auT 


ami 




mi B 


i.e 


0.670 


o.«i 




^B 


0.W 




262 c 


1.8a 


1.080 


ana 




m B 


1.U 


(.700 


0.718 1 1 



The section numbers are arranged on the following plan : — 
The last digit in each case represents the class of blade, whether 
normal, semi-wing, or wing, each being denoted respectively by 0, 
1, or 2. The semi- wing blades are normal blades with special 
spacers, as shown in the table. The second digit gives the width 
of the blade in eighths of an inch, measured parallel to the turbine 
axis. Thus 130 B means a normal blade f in. wide, for which the 
casing spacer is 130 C, and the drum or spindle spacer 130 S. If 
used as a semi- wing blade, the spacers would be 131 C and 131 S 
respectively. 
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Mr. E. M, Speakman has given the following table, showing 
the axial pitch used with different sizes of blade :— 

Tablb XXI. — Axial Pitcbks foe Parsonb Blades. 





in. 


in. in. 


in. 


in. in. 


in. 


in. 


in. 


in. 


in. i in. 


in. 


Height 


1 


2 3 


4 


6 |8 


10 


12 


15 


18 


21 24 


SO 


WMtli 


3 


■ 3 


i 


1 8 


1 


i 


} 


1 


1 |li 


IJ 


AxUliitch 


ij 


u 'u 


1| 


IJ '2! 


21 


2J 


2! 


Si 


n's; 


4 


Axial clearance (c) ... 


A 


A' I 


A 


5 1 A 


i 


I 


TB 


A 


! il 


i 



With i-in. blades an axial pitch of f in. is used. The axial 
pitch is, it will be seen, large, but this is advisable in order to avoid 
the risk of distorting the drum by the operation of caulking, which 
would ensue were the grooves close together. A large axial clearance 
moreover eliminates any risk of the blades fouling in opening up 
the turbine. 

The steam speeds being low in the case of Parsons turbines, 
blades of brass and copper have proved very satisfactory. Tlie 
copper blades are used for such portions of the turbine as are likely 
to bo subjected to high superheats, the brass blades being adopted 
elsewhere. 

Mr. J. M. Newton, "Junior Institution of Engineers," vol. xx., 
states that this brass consists of G3 per cent, copper and 37 per 
cent, zinc, and has the following mechanical properties : — 
Table XXII. — Mechanical Fropbrtibb of Brass for Bladi.ng. 





Stress. 


Elongation per 
Cent, in 2 In. 


Reduction of 
Area per Cent. 


S[iecimen. 


Elastic, Tons iwr 
Square Inch. 


Ultimate, Tons 
per Square Inch. 


Cast rod 1 in. in dia- 
meter 

Drawn blade, area of 
cross section = 
0.0106 sq. in. ... 


16 
20.B0 


21.6 
23 


H 

17 


45 
60 



The blades have to take a bending moment as well as a 
centrifugal pull. This bending moment is in part due to the drive 
of the blades and in part due to the pressure drop. Each of these 
component bending moments is easily calculated, and from them 
the resultant moment in the direction of the least resistance of 
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the blades. The ultimate resistance to bending is approximately 

equal to 1.2 to^ in. -lb, in the case of normal blades, and to -V- - in. -lb. 

1.54 

in the case of wing blades. In this formula, w stands for the nominal 

width of the blade taken in ^ of an inch. Thus a f in. normal 

blade will fail under a bending moment of 1.2 x 3' = 32.4 in. -lb. 

The material of these blades is " work hardened," and it ia 
probable that if the blades were subjected to prolonged high tem- 
peratures their resistance would be diminished. It is, however, only 
the low-pressure blades which are, in normal conditions, subjected 
to serious centrifugal or bending stresses. 

The blades of reaction turbines, particularly at the low-pressure 
end in the case of electric generator turbines, occasionally " silt 
up" with a soft deposit of lime carried over from the boiler. This 
is, however, very slightly adherent, and can easily be rubbed off, 
and the metal below is then found to be clean and fresh. This 
lime also seems to attack slightly the inlet edges of the blades 
near the tips of the rotor and near the roots of the casing blades. 
The action is exceedingly slight, after three years' running being 
barely visible to the eye ; but if the finger be rubbed along the 
last half inch of the low-pressure rotor blades, the edge, when 
much lime has been carried over by the steam, has the feel of a 
very fine saw. Both faces of the blades appear untouched, but the 
solid lime being flung outwards by the centrifugal force has 
" sand-blasted " the edges of the rotor blades near the tips, 
and of the stator blades near the roots. With the higher velocities 
usual in impulse turbines the action under similar conditions is 
much more severe, and in one case, in which blades of a similar 
brass to that commonly adopted in reaction turbines were used, in 
a velocity-compounded impulse turbine working with exhaust steam, 
they were cut away in three weeks. It is therefore advisable to 
use harder materials for impulse blading than for those which prove 
best with the reaction type. Steel is mechanically strong, and 
resistant to eroaion, but is liable to corrosion under unfavourable 
conditions. Hence, efforts are still being made to find a bronze 
which is hard enough to resist wear. Messrs. Melms and 
Pfenninger have used one consisting of copper 72 per cent., pure 
zinc 28 per cent., and another consisting of 85 per cent, of copper 
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■and 15 per cent, of manganese. Up to 390 deg. Fahr. the former 
has a tensile strength of 34 to 36 tons per sq. in., which at 
572 deg. Fahr. has fallen to 24.1 tons. The other, having a 
tensile strength of 41.3 tons per sq. in. when cold, is still good for 
36.8 tons at 572 deg. Fahr., but it is not certain that this would 
be retained on prolonged heating. 

The system of fixing the blades on foundation rings, as in 
Fig. 395, has the advantage of being cheap, of setting the blades 
automatically to the desired gauging, and when, as is usual, a 
shrouding is added at the top of the blades great mechanical 
strength is secured. Its disadvantages lie in the fact that wider 
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FigB. 395 and 396. Types of Blading. 

grooves must be cut in the rotor, thus reducing its resistance to 
centrifugal forces. Further, where high superheats are used, it is 
advisable to make the foundation rings of steel, as there have been 
several instances of brass foundation rings working out in such 
cases, owing to differential expansion. Generally, moreover, the 
use of foundation rings involves the distortion of the blades near 
their roots, with a consequent reduction in their efficiency there, 
and when, as is often the case, the foundation rings project, there 
are losses due to the formation of eddies in the dead spaces. The 
system of caulking in the blades separately, as illustrated in 
Fig. 396, makes it possible to use narrower grooves in the rotor. 
At one time it suffered from the disadvantage that blading could 
not be commenced until the rotor and casing had been completely 
machined. The introduction of the "rosary" system of assembling 
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the blades \ms eliminated this drawback. The blades and distance 
pieces are now drilled and strung alternately on a soft iron wire. 
They are then transferred to cast-iron jigs, having grooves of the 
same depth and curvature as the rotor or casing, but 0.003 in. to 
0.005 in. narrower. A view of a series of blades thus assembled is 
shown in position in the jig in Fig. 397. The whole series is 
driven up tight by the curved set shown. The ends of the wire 
are turned up to secure them from slacking back and then brazed, 
after which the projecting ends are filed off. The segment is then 
returned to the "former" and the blades gauged, the whole being 
finally secured by a steel wire, silver soldered into notches near the 
tips, as shown. 



Fig. 397. The "Rosary" System of Assembling Blades. 

Until the introduction of this system of assembling the blades 
in jigs, it was impossible to add this wire in the case of short blades, 
since the large mass of the rotor or casing conducted away the heat 
too quickly to permit of the requisite temperature being reached for 
the solder to flow. From six to eight of these segments constitute 
a complete ring of blades. They are prepared whilst the rotor and 
easing are being machined, and can then be transferred bodily to 
these, and finally caulked into place. The latter operation should 
be executed by conscientious workmen, and is, perhaps, best done 
by day work, since, if scamped, the defect is not likely to be 
discovered till after the turbine is put into service. 

Both systems of construction have shown considerable security 
against blade stripping. The essential point, as developed by 
Sir C. A. Parsons, and adopted since by builders of every variety 
of turbine, is that where two portions of a turbine, in rapid relative 
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movement, are contiguous, one must be made as thin as 
If both are stout and a touch occurs, the heat developed deforms 
the adjacent parts, and a serious breakdown is likely to occur. This 
fact was not realised with some of the earlier patterns of impulse 
turbines, with the result of wrecked diaphn^rus and bent or broken 
shafts. In the case of the blading of reaction turbines, the practice 
of thinning the blade tips has practically abolished the liability to 
strip from the touching of adjacent parts. As showing the etBciency 
of the device, the author saw, some years ago, a case where some 
of the groups of the turbine had blades with thinned and others with 
square ends. On opening up the turbine after a touch, the thinned 
blades were found to have simply worn down, whilst an inter- 
mediate group of square-ended blades had completely stripped. 

Referring to Fig. 395, it will be seen that a similar principle 
is employed in the case of turbines having shrouded blades carried 
in foundation rings. The edges of the shrouding which may come 
in contact with the adjacent rotor or casing can only touch along 
thinned edges. Here, again, in the case of an old-type turbine in 
which contact had occurred through the high-pressure shaft coming 
loose through differential expansion, the thin ribs simply wore 
down, and there was no strip. 

With a well-designed casing, the intended and actual clearances 
agree very well when tlie turbine is cold, but if the casing is 
unsymmetrical in form, or subject to mechanical restraint, there 
is no certainty that the actual clearances when at work will be the 
same as when cold. It is absolutely impossible to measure tip 
clearances with the turbine hot. Attempts have been made to do 
this by opening up the casing as soon as possible after the turbine 
is stopped, but this opening instantly gives rise to serious distortions 
owing to the inequality of the convection currents then established 

It may, perhaps, be pointed out in passing, that in general a 
strip with a reaction turbine is less serious than it is with impulse 
turbines as usually constructed. A reaction turbine caa be opened 
up and the broken blades removed, when it may be set to work 
again, the loss of a whole expansion hardly affecting the efficiency 
by 5 per cent. New blades can be put in without sending the 
turbine back to the makers. 

Of the two methods of balancing described in Chapter XXVI., 
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the Fullagar system has the advantage of reducing the diameter 
necessary at the high-pressure end of the turbine, and one of the 
glands has, moreover, to be packed against a very small difference 
of pressure. On the other hand, the leakage steani from the inter- 
mediate dummy passes direct to the exhaust, and with the numbers 
of packing rings usually adopted, this leakage is fully double that 
passing the low-pressure dummy. The system therefore seems best 
adapted for very large units, where the bljide lengths being relatively 
long, the dummy leakage is a small fraction of the total output. 

Generally 45 to 50 dummy rings in all are used to wire-draw 
high-pressure steam down to atmospheric pressure. Hence in the 
standard design of turbines for generator driving, there are 15 rings 
on the high-pressure dummy and 15 on the intermediate. The 
number on the low-pressure dummy is generally about 16. In the 
case of marine turbines on the three-shaft system, in which the 
absolute pressure on discharge from the high-pressure turbine is of 
the order of 40 lb. absolute, the high-pressure dummy may have 
27 rings and the low-pressure 20. The dummies are ground in at 
80 revolutions, and then slacked back. 

Exhaust openings are often smaller than is desirable in view 
of the high vacua now obtainable, but it is not easy to increase 
them. The area allowed is often about 1 sq. in. for each 25 lb. 
of steam passed per hour. Another rule is to use 3 sq. ft. per 
1000 horse-power developed. 

At need, electric-generator turbines of the reaction type can 
be started up and put on load within one minute, no preliminary 
warming being required. It is more usual, however, to keep them 
running light for a quarter of an hour before putting them on 
load. The main point to be attended to is to get the rotor turning 
round as soon as possible. The expansion of the casing, so long 
as it is uniform, involves no danger, and this uniformity is best 
secured by letting the rotor turn. In the case of marine turbines, 
where the exhaust is near the top of the casing and not below it, 
as it is in land practice, this plan is considered inadvisable, and 
some hours are taken to warm up the turbines before putting them 
under way. 
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CHAPTER XXVIII. 

THE PARSONS MARINE STEAM TURBINE. 

rilHE adaptation of the steam turbine to ship propulsion involved 
J- the Bolution of a vast number of problems in applied mechanics. 
The break with previous practice was so abrupt that little assistance 
was to be obtained fi'om a study of ordinary marine-engine practice. 
Quite apart from the main difficulty of effecting a reasonable com- 
promise between the conditions necessary for ensuring steam economy 
in the case of the ' turbines and those essential to a reasonable 
efficiency of the screw, there was an infinitude of minor points to 
be settled connected with the design of the turbine details and with 
its practical operation. The modern marine engine as we know it 
embodies the experience of generations of sea-going and manu- 
facturing engineers, the details now considered indispensable to 
steam economy and ease of handhng having been progressively 
developed. In the course of fifteen years from the date at which 
the " Turbinia " startled the engineering world by breaking all previous 
speed records, Parsons marine turbines were built or ordered to 
an aggregate of some seven million shaft horse-power. The set of 
marine turbines described in this Chapter were built by the Parsons 
Marine Steam-Turbine Company, Limited, Wallsend. These turbines 
were designed to develop 16,500 shaft horse-power when running 
at 290 revolutions per minute, and to give the boat to which they 
were fitted a speed of 18 knots. Actually, on trial, some 20,000 
shaft horse-power were realised, and in service the boat has proved 
easily capable of maintaining a speed of 18^ knots with only part 
of her boilers in use. 

A longitudinal section of the high-pressure turbine is represented 
in Vig. 398, Plato XIX., and a similar section through one of the 
two low-pressure turbines in Fig. 415, Plate XX. The high-pressure 
drum (Figs. 403 and 404) is 6 ft. 4 in. in diameter and If in. thick, 
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and it carries four groups of blades, or "expansions." In each group 
there are sixteen moving rows of blades, the blade height being 
1§ in. in the case of Group No. 1, and increasing approximately in 
the ratio of 1 to \/2 from group to group. The blades are fixed 
by caulking in the usual way. Details of the grooves into which 
they fit are given in Fig. 399 ; these are ^^ in. deep in the case 
of the 4^-in. blades, and ^ in deep for the shorter lengths. 

Steam is admitted to the turbine from the belt a, and passes 
through the blading from forward to aft (see Fig. 398). To check 
leakage in the opposite direction a dummy is provided having a 
labyrinth packing of twenty-seven fins, as shown in detail in Fig. 401. 
The fins fixed in the casing fit into grooves turned in the dummy 
piston, and, as shown in Fig. 400, are turned down to a fine edge 
where they approach the side of the dummy groove, so that in case 
of an accidental contact no serious heating can arise. The dummy 
clearances are adjusted by moving the whole rotor bodily forward 
or aft, by means of the thrust-block adjusting gear, to be described 
later on. It will be observed that the dummy is of smaller diameter 
than the drum, so that there is an unbalanced axial thrust from 
forward to aft, which is in addition to the thrust on the moving 
blades themselves. The two together are designed to balance the 
thrust of the propeller, so that the thrust block has to take merely 
the difference. The balance between steam thrust and propeller 
thrust is not equally perfect at all powers, the steam pressure being 
a httle in excess at full power, whilst the propeller thrust pre- 
ponderates at half-speed The spiders, or wheels, on which the 
drum is mounted are steel castings, each secured to the drum by 
three rows of |-in. screws, there being twenty-one screws per row at 
the high-pressure end, and twenty-seven per row at the low-pressure 
end. The screws in the different rows are staggered, and not in line 
as shown in the sectional drawing. The arms of the high-pressure 
wheel are hollow, so as to admit high-pressure steam to the hub 
and to the centre of the hollow shaft. This ensures that the 
temperature of this shaft and of the corresponding end of the casing 
shall be approximately the same, and thus have about the same 
amount of expansion. In this way less fore and aft play is required 
at the thrust block. The dummy drum is of forged steel, it is 
turned a sliding fit to its seat on the spider, and is secured to the 
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latter by fifty-six 1^-in. bolts. The flange is tapped in four places 
to take starting screws, should it ever be desirable to break the 
joint. 

The spider at the low-pressure end has solid arms, but, as will 
be seen from Fig. 403, it is slotted at nine points round its circum- 
ference. These slots serve to prevent any lodgment of moisture on 
the interior face of the drum, allowing any condensation there to 
be drained off. Details of the high-pres.sure casing are illustrated 
in Figs. 424 to 431, pages SIS and 319. It consists of two principal 
castings, forming respectively the upper and lower halves of 
the turbine cylinder. There is, it will be seen, an auxiliary 
steam belt c, Fig. 424, through which steam can be by-passed 
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to the beginning of the second group of the turbine. A couple 
of pipes, one of which connects the two seatings, shown dotted 
at d and e, Fig. 424, supply this steam belt. The correct 
position of these by-pass seatings is shown at e. Fig. 425 (see also 
Fig. 426), and there is a similar set of seatings on the right-hand 
side of the upper cylinder easting. There are also two main steam 
inlets situated nuar the bottom of the casing, as indicated at f, and 
similarly ther« are two exhaust branches at the after end of the 
cylinder. One of these is shown dotted in Fig. 424, and in its 
correct position on the right-hand side of Fig. 426. 

The drum which carries the dummy rings is, it will be seen, 
separate from the main castings, being bolted on a turned seating, 
as indicated in Fig. 426. A half section through this dummy drum 
is reproduced in Fig. 427. A brass strip j^^ in. thick covers the 
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horizontal joint, as is indicated at g. Heavy brackets, to transfer 
the weight of the turbine to the pedestals in the ship, are cast solid 
with the main castings, as best seen to the right of Fig. 425. 
Manholes at each end enable the interior of the turbine to be 
examined without the necessity of raising the cover. The glands 
by which the shaft is packed are mounted in separate castings, which 
are secured to turned seats at each end of the cylinder. Details of 
these glands are illustrated in Figs. 406 to 413, Plate XIX. As 
shown in Fig. 406, the labyrinth is of the radial-fin type, these fins 
being shown to an enlarged scale in Fig. 407. At the outer end of 
the gland there are five Raniabottom rings, which prevent leakage of 
the steam into the engine room. The bushing, which carries the 
stationary fins, is of gun-metal, and is made a good fit to the outer 
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east-iron sleeve, in which there are two steam or leak-ofl pockets, 
as indicated. These pockets are put in communication with the 
interior of the packing by fourteen |-in. holes drilled through the 
sleeve, as shown in Fig. 406. The uppermost of these holes are 
tapped for lifting purposes. The sleeve is shown separately in 
Figs. 410 and 411. Safety rings are fitted at A, A and B, B 
(Fig. 410) to prevent the fins fouling when removing the lower 
half of the gland. Starting screws are provided as in Figs. 412 
and 413, to free the sleeve from the outer cast-iron holder, when 
it is desired to open the gland. 

The aft and forward bearings are supported by strong brackets 
bolted to the end covers, as shown in Fig. 424. At the forward 
end there is a thrust block as well as the ordinary bearing. A 
view of this forward bearing to a somewhat larger scale is reproduced 
in Figs. 4 46 and 447, page 324. The oil is fed into the bearing at the 
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centre, and escapes at both ends, where it drains down into the bottom 
of the bracket. A wiper, shown at h, Fig. 446, prevents any creeping 
of the oil along the shaft, and, as a further safeguard, a few serrations 
are also turned in the latter, as indicated, to an enlarged scale in 
Fig. 451. The bushes are lined with white metal, but large safety 
strips are provided at each end to prevent injury should the wliite 
metal be melted out througli a failure in the lubrication. The oil is 
caught in wells formed in the bottom of the supporting brackets, and 
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is drawn off, filtered and again passed through the bearings. Any 
escape of water from the gland is caught in separate pockets, shown 
at i and_;', Fig. 424. 

The low-pressure rotor, Figs. 415 and 418, Plate XX., is in essen- 
tials very similar in its construction to the high-pressure turbine rotor. 
It is, however, as shown, provided with a stiffening ring near the 
centre of its length, which is not required in the case of the smaller 
high-pressure drum. Grooves formed in the circumference of this ring 
prevent water-collecting on the forward side of it. The rotor has 
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eight groups of blades or " expanaiona," the blade height at the 
inlet end being Ig in., and at the exhaust end 9 in. As usual in 
the case of low-pressure marine turbines, the last three groups have 
the same blade height, the necessary increase in the steam way 
being obtained by the use of "semi-wing" and "wing" blades, the 
opening through which is much greater than is the ease with normal 
blades. The low-pressure dummy is much smaller than the main 
drum, since, although each screw develops the same thrust, the 
axial pressure of the steam in the blading is much less in the low- 
pressure than in the high-pressure cylinder, and this requires to be 
supplemented by necking down the dummy to a greater extent. 
As before, it will be seen that provision against the possibility of 
unequal expansion of drum and casing is made by leading steam 
through the hollow arms of the forward spider to the centre of 
the shaft. The packing for the low-pressure dummy is shown in 
Figs. 422 and 423, page 317, but, since the steam has a large specific 
volume, there are only twenty rows of fins instead of twenty-seven. 

As will be seen from Figs. 415 and 418, the low-pressure drum 
is extended to form the drum for the reverse turbine, the casing 
for which is bolted on to the main turbine casing, as shown in 
Fig. 415. This reverse turbine is bladed with four groups of 
blades, each consisting of nine rows, and varying in length from 
f in. up to 2J in. in height. The whole of the expansion of the 
steam is thus effected with but thirty-six rows of moving blades, 
whilst in the main turbines there are sixty-four moving rows in the 
high-pressure turbines and an equal number on the low-pressure 
drum. Hence the reverse turbine is nmch less efficient in its use of 
the steam ; but this is, of course, a minor consideration, as a ship is 
never called upon to steam for a long time with her engines reversed. 
For the astern turbine dummy a radial fin packing is used, and 
the arrangement of this is shown in detail in Fig. 421, page 316. 
This form of packing permits of free differential expansion between 
the casing and the rotor of the turbine, but somewhat larger 
clearances are necessary than with the form of packing used for the 
ahead dummies, and these clearances are, moreover, not adjustable. 

Detailed views of the low-pressure casing are given in Figs. 432 
to 434, page 322, and in Figs. 435 to 443, Plate XXI. The 
main casing, it will be seen, is made in four parts, there being a 
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circumferential joint near the centre of the length. A view of this 
joint is given in Fig. 444, page 323, and on the right is a detail 
showing how the studs are arranged in the neighbourhood of the 
main horizontal flange. The main steam supply enters through a 
branch on the upper half of the cover, but for manceuvring purposes 
an auxiliary supply can be passed in through a branch cast with the 
lower half of the casing, as indicated in Figs. 435 and 438. The 
exhaust branch, 5^ ft. by 6J- ft., is supported against collapse by 
forged stays, shown in position in Fig. 439. The casing for the 
astern turbine is bolted inside the main casing. Its forward end 
rests on a machined support, as shown in Figs. 433 and 435, and 
its steam supply is derived from a branch which passes through 
one of the walls of the main exhaust port, as best seen in Fig. 433. 
Weep holes to keep this astern cylinder free from condensation are 
provided in the steam belt, as shown in Fig. 435. 

The brackets which carry the bearings and thrust block are 
very similar to those used for the high - pressure turbine, and 
cross sections will be found in Fig. 434 and in Figs. 440 to 443, 
Plate 5X1. The bored guide shown at the top in Fig. 434, and 
also in Fig. 435, takes the governor spindle, which is driven by 
helical gearing ; the driving gear being keyed to the end of the 
main shaft, as shown in Fig. 415, Plate XX. 

Some further details of the thrust block and its adjusting gear 
are given in Figs. 453 to 468, pages 326 and 327. The upper and 
lower halves of the block are independently adjustable. The two 
are shown separately in Figs. 455 and 456, page 326. Each half is 
provided with strong lugs, taking the bolts shown in Figs. 453, 
454, and 457, and also separately in Fig. 465, page 327. These 
bolts are screwed at the one end, where they pass through a bronze 
nut which turns in a bored seat formed on the front cover of the 
thrust block casing. Each of these nuts at its outer end is formed 
into a worm-wheel, as best seen in Fig. 466 ; and the upper pair can 
be rotated simultaneously by a worm (see Figs. 453 and 454), so 
as to move in or out the top half of the thrust block, A similar 
provision is made for setting forward or aft the lower half of the 
thrust block. In this way the rotor can be moved to and fro inside 
its CMing, and the dummy clearances adjusted as desired. When 
this has been done, permanent liners are inserted, as shown at 
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w, w, Fig. 457, and the pair of screws locked by putting 
over their squared ends the locking bar shown separately in 
Fig. 459. Any thrust from aft forward is taken on the lower 
half of the thrust block, whilst the upper half takes any pull in 
the opposite direction. 




SECTION ATD.D. L00KIN6 AFT. 
Figs. 444 and 445. Seotiona through Casing. 

To gauge the dummy clearances two indicators are provided. 
Of these, one is a finger piece, fitting into a groove turned in the 
shaft, as shown at x, Fig. 447, page 324. This is fixed after the 
clearances have been finally adjusted, and the clearance between it 
and the side of its groove, as determined by feeler gauges, is recorded. 
This being always accessible, clearances can be readily and easily 
checked subsequently, but owing to differences in steam temperatures 
the clearances at this finger-piece and at the dummy are not always 
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Figs. 446 to 452. Micrometer Finger aod Bridge Gauges. 
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in agreement with each other. A second means of checking the 
dummy clearance is therefore provided. This consists of a micro- 
meter gauge, fitted as shown at s {Fig. 446, page 324), and to a 
larger scale in Fig. 448. 

Normally the stem of the micrometer is locked by a cotter, as 
indicated ; in which case it will be seen its inner end stands perfectly 
clear of the adjacent stop t, Fig. 448, which serves as reference 
datum. In using the instrument the cotter is withdrawn, and the 
inner end of the stem allowed to rest against the fixed stop t. 
The micrometer wheel is then turned till it just moves the stem 
again, and a reading taken. By means of the knob at its outer 
end the stem is now turned through two right angles, in which it will 
be seen its extreme end clears the datum stop t, and it can then 
be moved inwards until it comes into contact with the rotating 
dummy-ring. The micrometer wheel is again turned so as to just 
bring the stem clear, and a second reading taken. The difference 
between these readings gives the dummy clearance in mils. A 
final check reading on the stop is generally taken to provide for the 
possibility that the bottom of the stem may have been worn away 
a little during its contact with the moving dummy. 

A third gauging point is provided at the thrust block, as indi- 
cated at p in Fig. 447, and shown to a larger scale in Figs. 449 
and 450. This is used to adjust the "oil" clearances between the 
collars of the thrust block. After the lower thrust block has been 
adjusted to give the desired dummy clearance, and brought up hard 
against its aft liner q, Fig. 446, the upper block is in turn moved 
forward until the collars jam. The clearance between the gauge 
points in Figs. 449 and 450 is then determined by feeler gauges, 
and the top half is then slacked back 12 mils, so as to give space 
for the oil to get between the bearing surfaces. 

To test the bearings for wear, the "bridge" gauge shown in 
Fig. 452 is employed. This fits on to machined seats, and straddles 
the shaft as shown. Feelers placed between the hardened gauge 
point and the shaft enable any wear on the bearings to be readily 
detected. 

The general arrangement of the turbines, together with the 
pipe system and manceuvring gear, is represented in Figs. 469 
to 472, pages 328 to 330. The turbines are arranged on the 
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three-shaft system, a high-pressure turbine, driving a central shaft, 
exhausting into two low-pressures placed in the wings, and through 
which the steam passes in parallel. As usual at sea, the condensers 
are at a higher level than the turbines, and the exhaust pipe has 
accordingly to be fitted above instead of below the turbines. 

The steam from the boilers enters the engine-room through 
two bulkhead stop valves A, A, Fig. 469, it then passes through 
the T-piece shown, and an expansion sleeve, into an 1 8-in. main 
regulator valve, the hand wheel of which is the central one of the 
group of five, shown in Fig. 469. On each side of this central 
valve are two manoeuvring valves. These are used when working 
a boat in or out of harbour, at which time the main regulating 
valve is closed. The upper, when open, admits steam to the 
reverse turbine on the same side of the ship through the pipes 
B, B. 

The lower valves, on the other hand, let, through the pipes G G, 
high-pressure steam direct into the main low-pressure turbine on 
the corresponding side of the ship, so that, if desired, one of the 
wing screws may be run ahead, whilst the other runs astern. When 
the boat is clear, the manceuvring valves are closed and the main 
regulator opened, and the steam then enters the high-pressure 
turbine through the pipes D,D. The pipe D is supported at its 
ends both from the bulkhead (see Fig. 469) and from the platform 
plating; but the bolts which secure it are in enlarged holes, and 
are not tightened down sufficiently to prevent free expansion. 
Strainers E and M, Figs. 472, are provided where the main 
steam pipes are led into the turbine casings. The strainer for the 
astern turbine steam is at R. The valve and pipe system S leading 
to the^ condensers is used for silently blowing down the boilers. 
The struts shown at O, Fig. 469, are hollow, and the interior is in 
each case connected up to a supply of steam, so as to keep it at 
the same temperature as the pipes proper, and thus minimise 
expansion strains. Drain pipes -f in. in diameter are provided to 
keep clear of water all the large valves where there is any 
possibility of moisture collecting, and for warming up the main 
turbines a small pipe system, 1 in. in diameter, and fitted with the 
necessary valves, is also provided, the steam being taken from above 
the main regulator valve. 
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CHAPTER XXIX. 

DISC-AND-DRUM TUEBINES. 

A FORM of turbine known as the disc-and-drum type was 
originated about 1905 by the British Westinghouse Company, 
and has since been largely adopted. This type of turbine consists 
of one or more velocity-csompounded wheels, followed by a drum 
carrying either impulse or reaction blading. When this type of 
turbine is used for geoerator driving, it is usual for the velocity- 
compounded wheel to have only two rows of moving blades, but 
when this variety of turbine is to he coupled direct to a screw 
propeller the wheels carry three or even four rows of moving 
blades, though this necessarily involves a substantial sacrifice of 
turbine efficiency. 

The advantages of the disc-and-drum machine are practically 
wholly mechanical in character. It is not possible, at least in 
the case of large unita, to obtain with them as high an efficiency 
as is practicable with turbines constructed on the reaction principle 
throughout. The velocity-compounded wheel, however, replaces the 
whole of the high-pressure end of the latter, which, being necessarily 
of small diameter, requires many rows of blades, involving at times 
a lack of stififness in the motor. Whilst much shorter than a 
machine constructed wholly on the reaction principle, the internal 
construction is practically as simple, when but one velocity- 
compounded stage is used. No diaphr^;ms are required, and the 
rotor is simple in form and very stiff, and is as readily aceesaible 
as in the case of an ordinary reaction machine. An additional 
advantage is that since about one-third of the total output is 
produced by the velocity-compounded stage, the steam temperature 
is considerably reduced before it enters the reaction section, 
extremes of pressure and temperature being confined to a mere 
nozzle box. Since, however, there is, as yet, no adequate theory 
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of the design of velocity-compounded wheels, reliance has to be 
placed wholly on empirical data, and failures to realise guarantees 
have been very frequent with disc-and-drum machines. 

A large disc-and-drum machine, constructed by Mr. Franco 
Tosi, of Legnano, Italy, is illustrated in Figs. 473 and 475, pages 334 
and 336. The machine was designed to develop 4500 horse-power 
when running at 1500 revolutions per minute, but "on overload" 
it can generate 5600 horse-power for an indefinite time. The easing 
is of cast iron, and the rotor shafting of forged steel. Owing to 
the adoption of a velocity-compounded stage, the total distance 
between bearings is, as explained above, very short. The turbine 
has been designed to work with high steam pressures and high 
superheats, and hence in constructing the rotor "shrunk" fits have 
been avoided and the drum secured to the stub ends by flanged 
joints. These, it will be observed, are registered against both 
external and internal surfaces, so that in case the drum heats 
quicker than the flange, it is still tight on the latter, and cannot 
get out of truth. 

The governing gear forms a special feature of the turbine. The 
steam supply is led to a nozzle box from a Ferranti-type stop valve. 
In the nozzle box are four independent valves, each of which controls 
the supply of steam to a separate group of nozzles. Of these, three 
are used at full load, whilst the fourth comes into action when an 
overload has to be taken. One of these valves can be seen in position 
at the top left-hand corner of Fig. 473, and their arrangement on 
the end of the casing is also illustrated by Fig. 474 and the key 
view, Fig. 479, page 336. They are of the equilibrated double-beat 
type, and their construction is illustrated in detail by Figs. 475 
to 478, page 336. They are operated by oil relays controlled by 
the governor. Details of this gear are shown in Figs. 480 to 
484, page 337. The governor, Fig. 480, operates a piston valve d, 
which controls the passf^e of oil from the port a to the port h. 
In the position shown the communication between the two is fully 
open, and the oil leaving at h would pass to the valve boxes, and 
entering the latter by the port R, Fig. 475, p£^e 336, would lift 
the valve against the pressure of the spring shown above the oil 
piston. The valve, it will be seen, is of the double-beat type, 
and, as shown in Fig. 475, is made in two parts, so that it can be 
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fully equilibrated. Oil leaking past the oil piston escapes by the 
port T back to the pump. If it leaks off faster than it is supplied 
through the port R, the valve is closed by the action of the 




Fig. 474. Eod View of Diac-and-Drum Turbine. 

spring already mentioned. These springs are so adjusted that 
the four valves are operated in succession. Thus, if three are in 
work, two will be fully open, whilst the third will attend to the 
governing. 
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As already mentioned, the oil-supply is controlled by the 
governor. It enters from the pump by the port a, and on reaching 
the port h, puts under pressure the space beneath the piston c, 
raising it against the resistance of the spring above it. If this 
rise is sufficient, the ports through which the oil passes to b will 
be completely closed ; but in the working condition this closure 



Figs. 475 to 479. Details of Nozzle Valve. 

is only partial, the amount of opening provided being regulated 
by a cylindrical valve d, which is raised or lowered by the 
governor, according as the speed diminishes or increases. An 
increase of speed thus tends to throttle the supply of oil to the 
port b. The pressure there is, accordingly, reduced, and the 
piston c is forced down by its spring. This tends to open the 
ports, and consequently raise the pressure below c. There is 
thus a differential motion between this piston and the valve d, 
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Figs. 480 to 484. Governor tor Toai Turbine. 
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which has practically the same eifect as the " overtaking " motion 
obtained by means of a floating lever, which is commonly used 
with steam relays. The lever for the emergency governing device 
is shown dotted at e, Fig. 480, and can also be seen in Fig. 483. 
Should the speed rise 15 per cent, above the normal, this lever 
opens a valve on the oil-supply pipe. The pressure there is thus 
relieved, and the admission valves to the turbine close under the 
action of their springs. 

The steam thrust is for the most part balanced by a dummy, 
as indicated on the left of the velocity-compounded wheel, Fig. 473, 
page 334, but any residual thrust is taken by a piston under oil 



Fig. 485. Blading for Tosi Turbine. 

pressure, which, as applied to the Tosi marine turbine, is described 
in detail on page 348. 

The rotor blading is fitted into slots turned on the wheel and 
the drum. The sides of these slots are grooved, and with these 
grooves engage teeth machined on the roots of the blades. The 
arrangement is perhaps best seen in Fig. 485, above, where a blade 
and distance piece are shown separately. In assembling, these 
are inserted through " lights " provided in the slots turned on the 
rotor, as can be seen in Fig. 486. The blades are shrouded, the 
punched shrouding strip being fitted over snugs machined on the 
tips of the blades, and secured by riveting over these snugs. The 
stator blading is of the same pattern, and secured in the same 
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way to a base block which fits over a dovetail, machined for the 
purpose in the turbine casing, as best seen to the left of Fig. 489, 
Plate XXIII., which represents part of the Tosi marine turbine. 

Attention may be drawn to the turbine glands, which are of 
the labyrinth type, but are arranged on sleeves independent and 
some millimetres clear of the turbine shaft. By this device it is 
possible to work with very small clearances, since an accidental 
touch will only heat up this sleeve, and will practically have no 



Fig. 4S6. Blading tlio Rotor of n Tosi Turbine. 

eifect upon the shaft proper. The bearings are of the spherical- 
seated type, as shown in Fig. 473, and are water-cooled. 

The condenser is bolted direct on to the turbine casing, without 
the use of a " concertina " pipe. This is rendered feasible by 
mounting the condenser on springs, which, whilst supporting its 
weight, allow it to follow up any changes due to the expansion, by 
heat, of the casing or of the exhaust pipe. 

The condenser is of the counter-current type, and the covers 
are free from all water connections, so that the tubes are accessible 
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Fig. 487. 
JoBse Air-Pamp for Tosi Turbine. 



with a miDimum of trouble. The air is extracted by the combination 
of a steam and of a water ejector, due to Professor Josse. The 
steam ejector is shown at / Fig. 487. It draws the air from the 
main condenser and, compressing it to about 3 lb. per sq. in., delivera 
it into the auxiliary condenser g. In this, the steam coming from 
the ejector / ia condensed by a 
jet furnished by the small centri- 
fugal pump h. At the top of the 
auxiliary condenser ^ is a water 
ejector operated by the circulat- 
ing water discharged from the 
main condenser. This draws off 
all the air in the auxiliary con- 
denser g, whilst the condensation 
here is removed by the centri- 
fugal pump j. Tests made by 
the builders show that very high "»*■'■ 
vacua are realised with this sys- 
tem, and, in fact, the hydraulic 
ejector in ordinary conditions is itself sufficient to secure an 
adequate vacuum. 

A marine turbine of the disc-and-druni type, constructed by 
the same builder, is illustrated in Fig. 488, Plate XXII. This 
turbine was one of a pair, each developing 7500 shaft horse-power at 
600 revolutions per minute, which were fitted to an Italian destroyer. 
Each turbine drives one of the two screws, and is designed to com- 
plete within the one casing the expansion of the steam from an initial 
pressure of 233 lb. (gauge) down to a 27-in. vacuum. In the same 
casing a reverse turbine ia fitted, as shown to the right in Fig. 488. 
This reverse turbine develops 3450 shaft horse-power at 400 revolu- 
tions per minute. As will be seen, both the main and the reverse 
turbines are of the " mixed " type. The main turbine comprises six 
velocity-compounded stages followed by a drum carrying fourteen 
rows of reaction blading. The wheel in the first stage has four rows 
of moving blades, and the other wheels three rows each. The mean 
diameter of this impulse section of the turbine is 60 in. The blading 
of the first wheel and of the second is represented to an enlarged 
scale in Fig. 489, Plate XXIII., and, as shown in Fig. 490, the 
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blading for the last of these velocity-compounded stages is mounted 
on the forward end of the drum. 

The turbine casing is of cast iron, and is made in four parts, 
rigidly bolted together. Of these four parts, two constitute the 
casing for the high-pressure section, whilst the other two accom- 
modate the reaction drum and the whole of the astern turbine. The 
casing is strongly ribbed, and the flange bolts located as closely as 
possible to the shell, so as to reduce to a minimum any possibility 
of distortion. The risk of this is, moreover, much minimised by 
the large diameter and relatively short length of the turbine. The 
high-pressure casing has turned internal seats to take the nozzle 
castings, and the latter in their turn are machined to form seats 
for the diaphragms, which are secured in place by bolts which pass, 
as shown in Fig. 489, through holes formed half in the nozzle 
castings and half in the diaphragms themselves. The fixed guide 
blades are mounted in castings turned to slide on to dovetailed 
seatings machined for them in the main casing, as shown in Figs. 480 
and 490, Plate XXIII. 

The feet by which the casing rests on the seatings on ship- 
board are low, so as to reduce the leverage between these seatings 
and the centre line of the turbine. The after end of the casing is 
securely fixed against loogitudinal movement, but provision is made 
for the free expansion of the casing transversely. At the forward end 
the feet can slide both longitudinally and transversely. The exhaust 
opening is well stayed. As shown in Fig. 488, Plate XXII., drains 
are provided to keep clear of water the six impulse compartments. 
In order to ensure an absence of casting strains in the casing, the 
latter was, after rough machining, carefully annealed at a high 
temperature, and on final assembling it was tested to a pressure 
of 323 lb. per sq. in. 

The general construction of the rotor is clearly illustrated in 
Fig. 488, Plate XXII., and some details are shown to a larger 
scale in Figs. 489 and 490, Plate XXIII. It will be seen that it 
consists essentially of a very stiff hollow shaft, made in two parts, 
which are bolted together near the right-hand end, as indicated. 
The joint, which is shown separately in Fig. 492, Plate XXIII., 
is thus close to a bearing, and is consequently under but a 
very small bending stress. The drum is shrunk on to the shaft 
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just at the joint, and is secured from turning by means of set bolts, 
screwed half into the drum and half into the joint flange, to act as 
keys. At its forward end the drum is simply supported from the 
shaft by means of a somewhat thin diaphragm, as illustrated, and 
this is sufficiently elastic to allow of slight differences in the expansion 
of the drum and the shafl. Ijike the casing, the shaft and drum 
are both thoroughly annealed after rough machining. 

The wheels are mild-steel forgings, having, as shown in Fig. 489, 
large openings in their discs, to secure lightness, and also to equalise 
the pressure on both sides. They are forced fits on their seats and 
are prevented from turning 
by means of two keys " on the 
flat," one of which is repre- 
sented at the top of the 
shaft in Fig. 491. The whole 
series of wheels are secured 
against longitudinal motion by 
a clamping nut at the for- 
ward end, which is clearly 
shown in Fig. 488, and to a 
much larger scale in Fig. 489. 
This nut is, moreover, shown 
also at O, in Fig. 493, an- 
nexed. It is prevented from 
unscrewing by means of a 
cheese-headed machine screw, 

which ia itself locked in place by caulking the surrounding metal into 
its slot. As shown in Fig. 489, the fins of the diaphr^m packings do 
not rest directly on the wheel bosses, but on special sleeves standing 
some millimetres clear of them, and secured to the wheel centres by 
bolts. Another view of these sleeves is represented in Fig. 491, 
Plate XXIII. As they stand clear of the shaft, the latter cannot 
be warped by unequal heating, should excessive friction arise between 
the sleeve and the diaphragm. The rotor, as a whole, has a critical 
speed sufficiently in excess of its running speed to render it thoroughly 
safe against any danger of whipping. The wheels, the drum, and 
the shaft are all balanced separately before final assembUng, and are 
then again re-balanced, being subsequently run for an hour or so 




Fig. 493. Nut for Securing Wheela on Shaft. 
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at 700 revolutions per minute, followed by a short run at 800 revo- 
lutions. During this final test the turbine is supplied with steam 
superheated to 300 deg., and operated with a low vacuum, ao as to 
ensure that the temperature shall everywhere attain limits in excess 
of what will be reached in subsequent operations on ship-board. 

The diaphragms, as shown in Figs. 489 and 490, have a 
composite structure, consisting of an outer ring of cast iron, into 
which are cast the nickel-steel partitions which form the guide 



Fig. 494. Diaphragms for Tosi Turbine. 

blades. The central portion of the diaphragm, on the other hand, 
is made of forged steel, so as to ensure lightness, and, as already 
mentioned, is secured to the east-iron outer ring by bolts lying half 
in this ring and half in the diaphragm. At its" centre hole each 
diaphragm is fitted with a series of brass fins, the inner edges of 
which are reduced to a fine knife-edge, so that if accidentally touched 
by the adjacent rotating surface, there is no serious development of 
heat, which may lead to a distortion of the shaft. An additional 
safeguard has, as stated above, been provided in the present instance, 
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since these fins can id no cose come into contact with the shaft 
proper, but only with a sleeve standing clear of the latter, and 
bolted to the wheel bosses. A set of diaphri^ms ready for erection 
is illustrated in Fig. 494, page 343. No diaphragm is, of course. 



Fig. 495 to 497. KoKzlea for Toai Turbiue. 

needed for the first wheel, but merely a nozzle box, of which 
details are shown in Figs. 495 to 497. In this nozzle box there 
are fifteen nozzles, each controllable by an independent valve. Of 
this total, however, only eleven are in use at full speed, when 
the power to be developed and the total steam to be passed is 
very much greater than at cruising speeds. To get this large 
volume of steam through the turbine, the pressure in the first 
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compartment must be much greater than suffices to pass the 
smaller weight traversing the turbine at low speeds. Hence, if the 
same nozzles were used in both conditions, they would have to be 
either too divergent for economy at full load, or insufficiently 
divergent for economy in cruising conditions. Hence at cruising 




Fig8. 498 to 500. Cutoff Valve for Diaphragm No. 1. 

speeds the main nozzles are completely closed, and the steam enters 
the turbine through four special cruising nozzles. The difference 
between these and the nozzles used at full load is clearly indicated 
in Fig. 495, where the widely-flaring nozzles shown on the right 
are those used at low powers, whilst the nearly parallel nozzle on 
the left is one of those used at full speed. Still further to augment 
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the economy, provision is made for shutting off some of the nozzles 
in the first diaphragm by means of a circular sluice valve operated 
by rack and pinion. This arrangement is clearly shown in Figs. 498 
to 500, and in the first of the set of diaphragms shown in 
Fig. 494. As will be seen from Fig. 499, the blading in these inter- 
mediate diaphragms is all of the non-divergent type, the pressure 
drop being for these stages below the critical value. 

The rotor blading is of the same type, and secured in tiie same 
way as in the case of the turbine for generator driving already 
described. 

The glands are made tight by carbon packing rings, the whole 
arrangement being clearly shown in Figs. 501 and 502, on p&ge 347. 
These rings are each made in four parts, and are held in place by 
springs, as indicated. To reduce wear, they are, moreover, supported 
from below by coach sprinjjs, being cut away for this purpose, 
as indicated in Fig. 504. In the case of the high-pressure gland, 
a " leak-off" is provided, as shown at P in Fig. 501, to prevent the 
leakage escaping into the engine room. A similar arrangement is 
used in the case of the low-pressure gland to supply packing gteam. 
A special feature of this packing is that the rings do not bear 
directly on the shaft, but on an independent sleeve, which is bolted 
to the hub of the first wheel, as shown in Fig. 489, Plate XXIII., 
and serves also, as can be seen in Fig. 493 and in Fig. 501, to 
cover the nut O, by which the wheels are clamped into place. 
Since this sleeve stands quite clear of the shaft, any non-uniform 
heating of the gland arising, say, from the accidental presence of 
foreign bodies, cannot give rise to distortion. At the worst the 
sleeve may be damaged and the steam leakage increased until the 
sleeve can be replaced by a new one, an operation which is easily 
effected. One of the carbon rings is shown in Fig. 504. 

The various components of the gland are held in place by 
long bolts. These are secured at their inner ends by cotters, 
as indicated in Fig. 501. The main bearings of the turbine are 
kept as close to the gland as possible, so as to shorten the length 
of the rotor, and thus increase its stiffness. As shown in Fig. 501, 
they are water-cooled. They have cast-iron bodies, lined with 
white metal. The lubrication is "forced." An oil thrower, shown 
on the right in Fig. 501, checks the creeping of oil, and to the 
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right of this again wijiers are provided, so as to further guard 
against the entrance of oil into the gland, and thence to the 
condenser. 

A. special feature of the turbine is the method of taking up 
any difference between the steam thrust forcing the rotor astern 
and the propeller thrust in the opposite direction. At full power 
this residual thrust amounts to about 20 per cent, of the maximum 
thrust, but at cruising speeds the rotor is very nearly balanced. 
This thrust is taken by oil pressure, exerted on a piston fixed on 



Fig. 503. Main Bearing. Fig. 504. Carbon Packing Ring. 

the left-hand end of the shaft, as represented in Fig. 488, and in 
greater detail in Fig. 505, page 349. This piston is represented by 
Q, and, it will be seen, is packed by means of a labyrinth. Oil 
under pressure is constantly forced into the chambers on both sides 
of this piston, and has to escape between the collars of the thrust 
blocks in each, shown on each side of the piston. If the thrust is 
in one direction, then the distance between the collars of the one 
block is diminished, whilst the clearance at the other block is 
increased. As a consequence the oil leaks away more easily from 
one chamber than the other, and difference of pressure is thus 
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established between the two faces of this piaton. The latter, there- 
fore, moves so as to diminish the clearance on the one side and 



Fig. 505. Thrust Block for Toai Turbine. 

increase it on the other, thus automatically preventing any contact 
between the collars of either thrust block, which accordingly remain 
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free from wear indefinitely. A bastard section through one of the 
thrust blocks is shown to a smaller scale in Fig. 506. The block 
is, it will be seen, water-cooled. Very complete workshop tests 
were made of this thrust block before it was finally fitted on 
shipboard. 



Fig. 506. Section through Thrust Block. 

The oil for this block and for the bearings is supplied by an 
independent steam-driven oil pump. The discharge from the thrust 
block and bearings is collected and filtered, and is then drawn " 
through a cooler, and pumped again into the bearings. 
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CHAPTER XXX. 

THE LJUNOSTROM STEAM TURBINE. 

IN the ease of a water turbine the volume of water delivered 
into the tail race is identical with that which enters the inlet 
pipe to the turbine, but in the case of a steam turbine there is an 
enormous increase in the volume between the stop valve and the 
exhaust branch. 

It was early obvious that a compound radial-flow machine would 
accommodate itself somewhat more naturally to this change of volume 
than a turbine of the parallel-flow type. Admitting the high-pressure 
steam near the centre of such a turbiue the area available for flow 
is proportional to the radius of the guide-blade circle, if the blade 
height be constant, and increases therefore with each successive row 
of blades. 

A number of radial-flow turbines were accordingly constructed 
in the early days by Sir C. A. Parsons and his associates, but 
the difficulty of reducing tip leakage to a reasonable figure was 
such as to lead to a reversion to the parallel-flow type of turbine 
at a subsequent date. 

One of the prime difficulties encountered in steam-turbine 
design is to secure a favourable ratio between the steam speed and 
the blade speed. In reaction turbines in particular the blade speed 
is commonly only a fraction of its theoretical best value, and even 
so the number of rows of blades required is generally very large. 
Here, again, it was early observed that with the radial type of con- 
struction it would be quite possible to run what, in the case of an 
ordinary parallel-flow turbine, would be the guide blades in a reverse 
direction to the ordinary rotor, thus doubling the relative speeds 
of the two sets of blades and diminishing the number, required to 
get a stated efficiency, to a quarter of what would be necessary for 
a "single-rotation" turbine. Here again, owing to leakage difficulties. 
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early experiments in this direction gave unsatisfactory results. 
Later on the problem of designin^f a turbine of this character was 
taken up by Mr. Birger Ljungstrom, of Liljeholmen, Sweden, who 
succeeded in practically suppressing the leakage difficulties, and 
constructed a turbine which, though of 1000 kw. output only, 
surpassed all previous records in steam economy. 

A general arrangement of the 1000-kw. turbo-generator, designed 
to run at 3000 revolutions per minute, is shown in Fig. 507, 
Plate XXIV. The turbine is in the centre, with an alternator 
on each side of it, and at the end of one of the alternator shai^ 
is mounted a small exciter which supplies the fields of both 
machines. The lower half of the turbine casing is formed into 
an exhaust branch, which is bolted directly to the condenser 
beneath, without the intervention of any expansion joint or similar 
device. The exhaust branch is the only rigid support the turbo- 
generator possesses, so that the latter is as free as possible from 
any strain due to its attachments. Springs, contained in cast- 
iron boxes beneath each generator, take the weight of these, and 
prevent strains due to their overhang. 

The over-all length of the turbine is only 17 ft. 4}-J in., the 
greatest diameter 4 ft. 2f in., and the height to the top of the 
governor is about 5 ft. 6 in. Fig. 507 shows the arrangement and 
comparative accessibility of all bearings, the air passages through 
the generators, the branched steam connection to the turbine proper, 
and particularly the exceedingly small dimensions of the latter. The 
end view. Fig. 508, shows the emergency trip lever and its cable 
connection a between the stop valve and the turbine casing. This 
cable is under tension, and holds shut an oil-relief valve in the 
relay by which the stop valve is operated. It can be released 
either automatically by the melting of a fusible plug in the bearings 
or by hand. It should be noted that the whole of the turbine is 
surrounded by exhaust space, and thus there is no need for lagging 
of any kind upon the surface of the casing, the temperature of 
which never exceeds that of the condenser. This arrangement not 
only minimises radiation losses and permits of ready access to the 
bolts, but conduces to a pleasant temperatm'e in the neighbourhood 
of the machine. 

While Fig. 507 makes clear the relative position of the various 
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parts inside the casing, it shows nothing as to the actual con- 
struction of the turbine itself, beyond indicating the very small 
space it occupies in the centre of the plant. 

Steam, after leaving the stop valve, enters the casing by a pipe 
passing through the side of the exhaust branch, where it divides 
and ascends to the turbine by means of two vertical pipes h, h, 
as in Fig. 507. These pipes are of steel, and radiation from them ' 
is minimised by jackets of thin steel, enclosing an air space. This 
branched pipe is made by welding, and its jackets are also welded 
on. The ends of the branch pipes are shown at A in Fig. 516, 
page 354. They are turned down on the outside, leaving a shallow 
collar about ^ in. wide near the end, this collar being a tight fit 
into a thin steel bush firmly fixed into the cast-steel "side discs" 
of the turbine. These side discs fit in turned seatings in the casing, 
and serve to locate the turbine. When the turbine is removed it 
is lifted off the ends of the branch pipes. The joint at this part 
is stated to have proved perfectly steam-tight. Except around 
the collar, there is no contact between the pipe and the bush, but 
steam freely circulates between them. 

The steam from each pipe enters an annular chamber B (see 
Fig. 516, pf^e 354) in the side discs, whence it passes by. means 
of a number of large holes C to the space between the turbine 
discs. The opposing faces of the discs D carry rings of blading, 
supported from the discs by means of conical rings of bull-headed 
section, which will be described later. On emerging from the last 
blade ring, the steam enters a difiuser E, comprising a number 
of diverging channels, in which the residual steam velocity is 
re-oonverted into pressure, and the vacuum at the blade edges is 
thus slightly increased above that maintained in the condenser. 
This difiuser is built up of sheet steel by welding, and is mounted 
on suitable supports in the turbine casing. It comes away with 
the turbine when the latter is removed. 

It will be at once understood that in such a turbine steam 
packings have to be provided both to prevent the steam escaping 
along the shafts where the latter pass through the side discs, and 
also to prevent it escaping freely up the back of the running discs, 
and thus passing uselessly into the condenser. The packing used 
for this latter purpose has also to fulfil another function — namely. 
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to constitute a balancing device to neutralise the pressure of the 
working steam tending to force the discs apart. The type of 
packing adopted for this purpose is shown at Q, Fig. 516, and 
to a larger scale in Figs. 509 and 510, Plate XXIV. The shaft 
packing is marked F in Fig. 516, and with the dummy packings 
will be described in detail later. When the turbine is required 
to take an overload, steam is admitted to the annular chambers H 
by means of either or both of the overload valves on the casing. 
It passes through the turbine discs by the holes K, and so enters 
the blading. 

Each turbine shaft L, Fig. 516, is hollow,, and carries the 
running part of the packing F and the turbine discs D. The packing 
is mounted on solid feathers, and held in position against a collar by 
the turbine disc, between which and the packing are two concave 
spring washers. The disc is keyed to the shaft by a number of taper 
pins, and is held in place by a flanged spigot screwed into the end of 
the shaft. The turbine shafts themselves have no bearings, but are 
registered and fastened with set screws each to its own generator 
shaft, the bearings belonging to the later. There is, however, very 
little overhang, as each turbine shaft is only about 10^ in. long. 
The weight of the two running discs, complete with blading, being 
only 265 lb. and 303 lb. respectively, no difficulty is experienced in 
securing true running. 

As shown in Fig. 516, the turbine is of very small dimensions 
for its power, measuring but 27f in. in diameter by 20§ in. long. 
Note should also be made of the extreme care taken at every point 
to minimise heat losses, and to avoid possible trouble from the 
very high superheats for which the turbine is designed. The only 
external parts of the turbine which are heated by live steam are 
the small surfaces of the side discs, and these are lagged and cased 
with sheet metal, as shown at M in Fig. 516. Every part is 
circular, and without flanges or horizontal joints. The packings, 
dummies, turbine discs and blading system are all of nickel steel, and 
wherever there is either a gradual or an abrupt temperature gradient 
steps are taken to provide against distortion. This is particularly 
noticeable in the formation of the turbine discs, which, as best 
seen in Figs. 517 and 518, page 356, are nearly cut through 
in places by deep annular grooves, to avoid the distortion which 
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would inevitably otherwise occur in thick discs highly heated 
at the centre and comparatively cool at the circumference. The 

most elaborate provision 
against distortion, how- 
ever, is the system oi 
conical rings forming 
a connection between 
parts which are liable 
to bo momentarily or 
permanently of different 
temperature. The side 
discs, which necessarily 
become hot when the 
turbine is at work, 
are also held to their 
supporting rings, which 
are cold, by this device. 
The two sets of the 
dummy discs are simi- 
larly supported, one to 
a facing on its side 
disc, and the other to 
the back of its turbine 
disc. Furthermore, 
every individual blade 
ring is fixed to one or 
other of the turbine 
discs by the same 
method of attachment, 
which will be described 
in detail later on. 

The blading of the 
Lj angstrom turbine 
consists of a number 

Figs. 517 and 518. Disc for I^ungstrbni Turbine. of concentric blade rings 

carried alternately by the two turbine discs as shown in Fig. 516, 
on page 354. A section through a blade ring, 2.4 times full 
size, is given in Fig. 509, on Plate XXIV. In the 1000-kw. 
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turbine there are altogether thirty-eight rings. The blades them- 
selves are of the Parsons pattern. Reckoning from the centre, -the 
first thirty-three rows are 5 mm. wide, the next two are 7 mm, 
wide, and the last two 12 mm. and 20 mm. wide respectively. The 
blading is first manufactured in lengths of about 3 ft., being milled 
from solid round bars of nickel steel. This is done on an ordinary 
horizontal milling machine, having four formed cutters mounted on 
its spindle. The first cutter roughs out the convex side of the 
blade, the next finishes this side, and the third and fourth respec- 
tively rough out and finish the hollow side. Although the blade 
strip is extremely well finished when it leaves the machine, Mr. 
Ljungstrom has it polished to a mirror-like surface, both inside and 
out, before it is built into the rings. Polishing is eflfeeted by the 
use of a simple machine using a tape band about 2^ in. wide, treated 
with polishing paste. 

The strip is next cut into blade lengths, which are notched at 
the ends for insertion into the rings which hold them. The shape 
of such a blade is seen in Figs. 511 and 512, Plate XXIV., in 
which it is shown with the ends inserted into two discs, from 
which the rings forming the blade roots will afterwards be turned. 
These discs, which are of soft iron, are mounted on a mandril and 
their edges turned, inside and out, to the contour shown in 
Fig. 511. They are then dismounted and punched to receive the 
ends of the blading, a second punching process nicking the inner 
faces of the discs in such a way as to form registers for holding 
the blades to the exact angle. When the punching is done, the 
discs are reassembled on a mandril with the blades in position, as 
shown in Fig. 515. The mandril is then held vertically, and the 
rim of the disc and projecting blade roots are welded up solid 
together, by melting iron wire into the groove by the aid of an 
oxy ■ acetylene blow lamp, the groove being filled up with the 
molten metal as indicated in Fig. 513, Plate XXIV. Both ends 
of the blades having been welded into the discs by this process, 
the mandril is again put in the lathe, and the discs and welded 
part are turned down and the ring parted off. The ring then 
consists of a band of blades with homogeneous root rings at each 
end, the latter having a small and slightly dovetailed mate register 
formed on the outer faces of the proportions shown in Fig. 514. 
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The very small pitch of the blades, as compared with standard 
practice, is noticeable, the pitch sometimes being lees than -J- in. 
The discs on the mandril are ready to have their edges again 
turned to form rings of smaller diameter. 

Strengthening rings are next fixed to each end of the 
blade ring. These strengthening rin^s are made of spring steel 
containing 0.6 per cent, of carbon. One of them is shown in 
Fig. 514, to a scale of twice full size, and the drawing indicates 
how it is attached both to the blade ring and to the conical ring, 
which forms its connection with the turbine disc. The strengthening 
ring is first formed on the circumference of a disc, and before it is 
parted off, its side faces are machined, as shown by the dotted lines 
in Fig. 514. While the disc is still in the lathe the dovetail 
on the blade ring is entered into the groove on the face of the 
strengthening ring, and the edges of the latter squeezed in, so as 
to grip the dovetail tightly. To effect this, a simple device, con- 
sisting essentially of a pair of hinged arms, having rollers at their 
ends, is carried by the tool rest of the lathe. The arms embrace 
the ring, and the rollers are brought towards each other to bear 
against the inside and outside of the dovetail joint by means of a 
screw. When the lathe is started and pressure maintained on the 
rollers, the edges of the groove are rapidly and firmly closed upon 
the dovetail, and to all intents and purposes the two rings are then 
homogeneous. 

The outboard strengthening ring is the first to be formed, and 
when the blade ring is secured to it the composite ring is then 
parted off. The other strengthening ring is then formed, and after 
having the composite ring inserted and fixed, this also is parted 
from its disc. We then have a blade ring complete except for the fine 
radial fins on the exterior circumference, which are provided for 
afterwards. The conical double-bulb-headed ring, connecting the 
blade ring to the turbine disc, see Fig, 509, Plate XXIV., is 
turned from the edge of a steel disc, but before it is parted off 
the blade ring is closed on to it by rollers in the manner already 
described, and the rectangular steel seating ring, which is caulked 
into a recess in a turbine disc, is also closed on to it in the sam? 
way. The conical ring is then severed from its parent disc. 

The complete element, consisting of blades, strengthening ring, 
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conical ring, and seating ring, is then lightly chucked in the lathe, 
and a groove is turned round the outside of each of the strengthening 
rings. Into each groove a U-shaped section of extremely thin nickel 
is inserted, and secured by a piece of wire rolled into it (see Fig, 509). 
Finally, a finishing cut over the nickel fins, and on the internal 
points opposite the corresponding fins of the next smaller blade 
ring, completes the process. The seating ring is fitted into its recess 
in the turbine disc by means of a piece of iron wire caulked in on one 
side of it, as shown to the left, in Fig. 509. The ends of this 
wire are left slightly turned up, so that they can be gripped by a 
pair of pliers in case it is necessary to extract the ring. 

Following on the description of the blading system, it will be 
convenient to deal with the dummy packings. The dummies, as 
seen in Fig. 516, page 354, are flat annular discs, in pairs, each 
annulus being attached either to the turbine disc or the fixed 
facing by a conical expansion ring. Between the inner pair 
and the next the by - pass steam for overloads is admitted to 
the blading. Fig. 510, Plate XXIV"., which is 2.4 times full 
size, shows parts of the intermediate and outer pair of dummies. 
The fixed and running dummies are of practically identical 
mass and design, and so arranged that they must heat 
uniformly and have no relative displacement due to expansion. 
They are all of steel, having annular grooves machined in the 
lathe. The first two pair of dummies, counting from the centre, 
have interlocking grooves of the form illustrated in the lower half 
of Fig. 510. The grooves of the outermost pair do not interlock 
more than is necessary for the purpose of balancing end pressure. 
Each rib of the fixed dummies has on its outer face a small groove. 
Into this a folded strip of very thin nickel is lightly driven by a 
punch carried on a light adjustable wooden radius rod, universally 
jointed to a plug in the centre of the disc. The punch is then 
replaced by a sharp-edged roller, which divides the outstanding 
edges of the nickel. The thin nickel caulking wire is then tapped 
into position, and a flat roller, carried by the radius rod, runs over 
the strip, bending over the edges, and smoothing everything down 
nicely. 

The glands adopted to secure steam tightness where the shaft 
passes through the turbine casing have to be packed against very 
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high pressures, and the steam must accordingly be wire-drawn at 
a very great number of constrictions if leakage losses are to be kept 
within reasonable limits. This has been very successfully accom- 
plished by Mr. Ljungstrom. A single constituent of this gland is 
represented in Fig. 519, while Fig. 520 gives an excellent idea of 
the small dimensions of the packing. 

The enlarged detail of an element of the shaft packing, consisting 
of one 6xed ring and one running ring, is shown in Fig. 519, to 
a scale of twice full size. The rings are turned out of solid steel, 




Fig3. 519 1 



Gland for Ljungatrflm Turbine. 



and are designed to expand freely in all directions without distortion. 
They are mounted on feathers, the fixed ones on the side disc. There 
are no less than 158 constrictions for the steam, although the packing 
occupies less than 3;^ in. of the shaft. The circumferential labyrinth 
walls of the rings are turned with thin edges. These edges are then 
rolled inwards, thus forming minute internal conical flanges, as seen 
in Fig. 519. When first made these flanges exactly fit the walls 
of the next rings, which they embrace ; but a few minutes' running 
suffices to wear a minute working clearance, which is maintained 
unaltered afterwards. Actual tests showed the leakage steam from 
both packings of the 1000-kw. machine amounted to only about 
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110 lb. per hour. What steam does pass does not find its way into 
the generator or the engine room, but is led into a chamber, in the 
side discs, around the packing, whence it is taken to a feed-water 
heater or elsewhere by a special pipe. 

Not only the shaft packing, but also all other labyrinth packings 
in the turbine, adjust their own clearances in the same way. Owing 
to the thinness of the fins, no dangerous heating occurs in case of 
contact, even should the running parts shift out of centre. At 
the same time such an occurrence as this is very carefully guarded 
against by the self-contained arrangement of the whole plant, its 
great stiffness and its symmetric form affording temperature 
differences the least possible chance of altering the central position 
to which the bearings are originally adjusted. 

It is stated that the clearances of the labyrinth edges at 
different radii of the 1000-kw. turbine from the shaft packing 
outwards to the larger blade rings are easily maintained at 0.004 in. 
to 0.010 in., even with the high superheat used. The high pressures 
being confined to the inner parts, which are of small radius, the 
leakage as calculated comes out at a very moderate figure, even 
when using steam of very high pressure. 

A section through the stop valve is given in Fig. 521, page 362. 
To start the turbine the handle at the top is screwed back a few turns, 
and the steam then raises the disc valve from its seat, and equalises 
the pressure above and below it. The double-beat piston valve 
above is a sufficiently easy fit in its sleeve to permit of a small 
amount of leakage past it, and this is quite sufficient to warm up 
the small mass of the turbine within a few minutes. The oil pump 
in the oil box at the end of the turbine is then worked by hand 
for a few strokes until the oil pressure is sufficient to raise the 
piston on the valve spindle against the downward pressure of its 
spring. The turbine then starts, and within about ten minutes 
from the commencement of warming up may be running at its full 
speed of 3000 revolutions per minute. 

When starting there is, of course, no reason why the two sides 
of the turbine should drive their respective alternators at precisely 
the same speed, and, as a matter of fact, they do not do so. But 
when the speed rises to about 1400 revolutions the exciting current 
becomes strong enough to cause the two generators automatically 
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to synchronise themselves, and thenceforward to run electrically 



Fig. 521. Throttle Valve for Ljungstrom Stenm Turbine. 
as one machine. The fields of the two machines are connected in 
series, so that a single field rheostat only is needed, and in 
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ordinary practice no more switches or instruments would be 
required than are necessary for the control of an ordinary generator. 



Fig. 522. Governor for Ijuiigatrom Turbine. 

Should either of the generators become disabled, provision is 
made for bolting it rigidly to the casing, so that, if necessary, the 
other generator alone may be used. The result would be a reduction 
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of output by one half, and higher steam consumption per unit, but, 
the frequency and voltage being normal, an emergency supply could 
be maintained. 

Referring again to Fig. 521, the emergency trip lever, and the 
valve connected to it, which releases the oil pressure and causes 
the main valve to be closed, are at the top to the right. The 
tension cable, already described as causing the stoppage of the 
turbine if it is slackened by any cause, such as too high speed or 
unduly heated bearings, passes through the small hole in the toe 
of the emergency lever. By turning down this lever into a hori- 
zontal position the oil pressure is released and the turbine stopped. 
This method of stopping can be used whenever desired, as it 
obviously interferes in no way with the adjustment of the cable. 
Another point worthy of note is the attachment of the pipe leading 
from the stop valve to the turbine. This is shown on the right, 
and it is formed by oxy-acetylene welding. Its peculiar design 
is intended to prevent expansion troubles from the high superheats. 
The simple circular form of the valves and casing is maintained 
with the same object. 

Fig. 522 is a vertical section through the end of one of the 
generator casings, showing the type of bearing and governor used. 
The governor is driven by means of a worm on the generator 
shaft, and is of the Ch or Itoii- Whitehead type described on page 
262, ante. It controls the stop valve by means of an oil relay. 
The bearings, which are shown to a larger scale in Fig. 523, 
page 365, are short for their diameter, and consist of cast-iron 
steps, turned cylindrically on the outside, and lined with white metal. 
The two halves are registered by two long pins fitting in holes 
drilled along the sides of the joint when the halves are cramped 
together. The set screws holding the half steps together prevent 
the pins from working out endways. The pair of steps is located 
centrally by four pads fastened on to the spherical heads of screws 
which project through the housing, and form a means of adjustment 
for the position of the shaft. It will be noticed that the bearing 
caps are secured by taper-fitting bolts, with a nut at each end. 
This type of bolt is used throughout the turbine, all the casing 
bolts being thus made. It is claimed that they are very cheaply 
made and fitted, and when in position they serve to locate the 
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parts they hold together with absolute accuracy. They are easily 
withdrawn by tightening one of the nuts. 

The oil supply is led to the bearing by a pipe entering the 
bottom step. This pipe is placed inside the discharge pipe from 
the bearing, as shown in 
Fig. 516. The incoming oil 
passes through holes machined 
in the bottom step, and 
emerges at the horizontal 
diameter at one end, whence 
it flows to the other end 
along clearances ])rovided for 
the purpose in the top step. 
The spent oil returns to the 
pump from the bottom of the 
bearing by the outer of the 
two concentric pipes shown. 
There is no water cooling of 
the bearings, the oil alone 
being relied on to carry away 
the hoat. The circulation of 
oil amounts to a pint per 
second for each bearing. 

The oil pump is of the gear 

type, and is driven directly 

by the governor spindle. It 

maintains a pressure of about 

34 lb. per sq. in., but this is 

lowered to about 15 lb. per 

sq. in. for the bearings by the 

Kg. 623. M.i„ B«™g. use of a reducing valve. The 

higher pressure is maintained 

beneath the piston controlling the throttle valve, this pressure 

being regulated by a slide valve operated by the governor. 

"Variations of oil pressure thus vary the position of the throttle 

valve, and this, in turn, by means of a floating lever and side 

shaft, reacts upon the oil system, so as to maintain a constant 

relationship between the position of the stop valve and that of the 
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governor. On a full load test, with steam supplied at 130 lb. below, 
the governor valve, and at a temperature of 664 deg. Fahr., and 
with an absolute pressure of 1.25 in. of mercury in the exhaust 
pipe, a consumption of 8 lb. per brake horse-power was realised, 
corresponding to a brake efficiency ratio of 76.9 per cent. 
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